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1. INTRODUCTION 
Ferromanganese nodules and concretions are one of the most significant pedogenic 
components found from subtropical and tropical soils. Fe-Mn nodules typically comprise 
of soil materials cemented together with Mn and Fe hydroxides, oxyhydroxides and 
oxides (Cornu et al. 2005). Several studies have described the morphology, mineralogy 
and chemical speciation of ferromanganese nodules and concretions (Zhang and 
Karathanasis 1997, Aide 2005, Cornu et al. 2005, Gasparatos et al. 2005, Timofeeva 
2008, Szymański et al. 2014).  
 
Fe-Mn nodules and concretions are firm, rounded to sub-rounded morphological elements 
that display elevated Fe and Mn concentrations compared to the surrounding soil matrix 
(Aide 2005). Small sized or irregularly shaped nodules often show no internal structure 
(Timofeeva 2008, Gasparatos 2012), whereas concretions display a distinct concentric 
layered structure comprising of Mn or Fe enriched rings (Timofeeva 2008). However, 
both terms are commonly used interchangeably in literature and for brevity, both will be 
hereafter referred to as nodules. 
 
Fe-Mn nodules are suggested to form in soil horizons that undergo seasonal waterlogging 
or fluctuations of the water table (McKenzie 1989, Zhang and Karathanasis 1997). This 
cyclicity of water availability leads to alternating cycles of reductive wet phases enabling 
the mobilization and translocation of Fe and Mn ions and the subsequent oxidation phase 
when metal precipitation in pore spaces and on primary soil minerals takes place (Liu et 
al. 2002, Vepraskas and Lindbo 2012, Yu et al. 2015). Alongside water availability, 
nodule formation is controlled by temperature, soil composition, groundwater chemistry, 
redox potential (Eh) and pH (Negra et al. 2005, Cornu et al. 2009, Szymański and Skiba 
2013, Yu et al. 2015). 
 
As nodule formation process and the resulting shape, size, structure and chemical 
composition may reflect pedogenic history, soil composition and pedoenvironmental 
conditions (Zhang and Karathanasis 1997, Szymański et al. 2014, Yu et al. 2015), the 
nodules hold the potential to be useful in the study of elemental geochemistry, pedogenic 
processes and environmental changes. However, even though pedogenic Fe-Mn nodules 
are representative of soil redox history (White and Dixon 1996) and presumably contain 
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an abundance of soil environmental history. So far, the results have largely defied wider 
interpretation. Recently, limited progress has been made in developing a nodule 
formation model that has been applied in reconstructing the redox history of a single 
nodule horizon (Yu et al. 2020). A ferromanganese nodule-based proxy for 
paleoprecipiation has also been suggested by Stilles et al. (2001) where the total Fe 
content of the nodule could possibly be used to solve the mean annual rainfall during time 
of nodule formation. This proxy, however, remains untested outside of original study. 
 
The aim of this study is to use two variations of scanning electron microscopy to describe 
the composition and elemental distribution of Fe-Mn nodules formed during the Late 
Miocene and the Pliocene from three different soil horizons near Lantian county at the 
southern Chinese Loess Plateau (CLP). The observations will be used to determine if the 
Fe-Mn from three different time windows can be used to assess the changes in soil redox 
state and whether the potential changes are indicative of changes in the East Asian 
monsoon regime as well as evaluate the usefulness of Fe-Mn nodules use as topic of study 
for paleoclimatological research.   
 
 
2. GEOLOGICAL BACKGROUND 
The Chinese Loess Plateau (CLP) located in northern China between 32–40°N and 
98–115°E, covers roughly 600 000 km2 making it the world’s largest and deepest loess 
deposit (Liu 1999, Fu et al. 2017). The relative stability of the landscape and the long 
depositional history makes the CLP a terrestrial archive of palaeoclimatological 
information, containing up to 22 Ma of global and regional climatic history (Guo et al. 
2002).  
 
Lantian study area is located in the Lantian county in Shaanxi Province, China. The area 
is on the southern part of the CLP on the northern foothills of Qinling Mountains and 
marks the furthest south occurrence of the so called ‘Red Clays’ (Kaakinen and Lunkka 
2003). The Cenozoic sedimentary deposition has taken place in the Weihe Graben basin:  
a tectonic depression up to 100 km wide spanning some 400 km in the NE to SW 
direction. The landmasses of the graben were originally part of the upwarding landmasses 
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of Qinling orogeny that resulted from collisions between North China Craton and South 
China Blocks during the Triassic (Ratschbacher et al. 2003).  
 
Formation of the graben took place during the Eocene (Liu et al. 2013) due to large scale 
tectonic movements causing the change of the regional stress regime from compressive 
to extensional (Zhang et al. 1995 and references therein). This graben, lying on average 
400 meters above sea level (Zhang et al. 1995), is bordered by the southern border fault 
of Mt. Beishan to the north and Huashan-Qinling piedmont fault in the south and is 
marked by further faulting caused by uneven vertical movements that have led to the 
formation of distinct fault block mountains and new planation surfaces during Paleogene 
and Neogene periods (Figure 1, Zhang et al. 1995).  
 
 
Figure 1. The studied sections in Lantian span across the NW slopes Bailu Loess Tableland. Indicated also are Huashan 
Piedmont Fault (HPF), Lishan Piedmont Fault (LPF) and Lishan Mountains. Line A, drawn after Rao et al. (2017), 
marks the location of cross section in Figure 2. Faults drawn after Zhang et al. (1995) and Rao et al. (2017). Digital 
elevation model from USGS/NASA SRTM data from International Centre for Tropical Agriculture (Jarvis et al. 2008), 
1:10 land polygons and city locations from Natural Earth (2018). 
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On the surface, the Huashan-Qinling piedmont fault also represents a lithological 
boundary between the upthrown, deeply metamorphosed Archean basement rocks and 
their Mesozoic granitic intrusions and the downthrown Cenozoic loess tablelands and 
alluvial fans that have accumulated in the Weihe Graben basin (Figure 2, Du et al. 2017). 
 
 
Figure 2. NW-SE cross section of the Weihe Graben showing fault structure and age of deposition for sedimentary 
strata. LPF stands for Lishan piedmont fault and HPF for Huashan-Qinling piedmont fault. Cross section location 
marked as A in Figure 1. Edited from Rao et al. (2017).  
 
Study area resides in the SE of Weihe Graben, in a fault block known as the Lishan uplift, 
some 15 km NW from the N-NW dipping Huashan-Qinling piedmont fault that has 
general strike direction of roughly 70 degrees in the area. The Lishan uplift block is 
separated from the low laying Weihe Graben basement by the Lishan piedmont fault to 
the north and Lingtong-Chang’an fault to the SW (Du et al. 2017). Between the Lishan 
mountains to the north, Huashan mountains to the NE and Bailu Loess Tableland to the 
SW, the Bahe river gulley exposes thick sedimentary successions of the north-east facing 
foot of Bailu Loess Tableland from banks of which the samples of this study were 
collected. The sedimentary strata in the area gently dip towards the SE from the exposed 
Lishan mountain basement rocks, along the basement profile towards the exposed 
Huashan basement rocks (Kaakinen and Lunkka 2003, Rao et al. 2017). 
 
 
2.1. Stratigraphical framework 
The Weihe Graben is infilled with Cenozoic strata (Wang 1987) reaching a maximum 
thickness of over 6 km (Liu et al. 2013).  The sedimentary infill is compartmentalized 
into distinct lithostratigraphic formations of spatially varying thicknesses (Figure 3, Liu 
et al. 2013). The following description of sedimentary formations present in Weihe 
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Graben are based on Kaakinen and Lunkka 
(2003) and references therein and Liu et al. 
(2019).  
 
Older of the two Paleogene formations is the 
Eocene Honghe Fm, 166–820 meters thick 
(Liu et al. 2019) strata separated from the 
Precambrian basement by an angular 
unconformity (Kaakinen and Lunkka 2003). 
The base of the strata comprises of thick 
conglomerate bed that is overlain by layers 
of sandstones, sandy mudstones and 
mudstones (Kaakinen and Lunkka 2003). 
Outcrops of the the Honghe Fm are exposed 
north of the Bahe river (Kaakinen and 
Lunkka 2003). 
 
Younger Paleogene unit, the Bailuyuan Fm, 
deposition took place during late Eocene – 
early Oligocene (Kaakinen and Lunkka 
2003) and the thickness varies between 
~43–785 meters (Liu et al. 2019).  The 
formation consists of white sandstones 
interbedded with brown mudstones which 
can be observed south of the Bahe river.  
Between the Bailuyan Fm and the Neogene 
deposits, a temporal hiatus is present in 
stratigraphy.  
 
Oldest of the Neogene deposits is the Early – 
Middle Miocene Lengshuigou Fm, a roughly 
80 meters thick formation comprising of 
sandy conglomerates, sandstones and sandy 
Figure 3. Composite log of the sedimentology in Weihe 
Graben. Edited from Wang et al. (2014). 
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mudstones (Liu et al. 2019). These fluviatile rocks are accompanied by several vertebrate 
fossil that are thought to be of Middle Miocene epoch (Kaakinen and Lunkka 2003). 
 
While the exact lithostratigraphic correlation between Leangshuigou Fm and the younger, 
60 meters thick Koujiacun Fm remains obfuscated, the Koujiacun Fm hosts fossils that 
bear similarities to Middle Miocene fossils of the Tungur locality in Inner Mongolia 
(Kaakinen and Lunkka 2003). Thus, while there is no direct relationship of these two 
Formations comprising of similar rock types, Koujiacun Fm is considered to postdate 
Leangshuigou Fm in published stratigraphy (Liu et al. 2019).  
 
The Bahe Fm is the thickest (~300 m) and youngest of the Miocene formations and has a 
basal age of ~11 Ma (Kaakinen 2005). The complex formation consists of lower part 
characterized by reddish brown mudstones and pale sandstones and upper part where 
reddish and yellow mudstones and sandy mudstones bear interbeds of sandstones and 
sandy conglomerates (Kaakinen and Lunkka 2003). Through magnetostratigraphic and 
biostratigraphic correlation, the Late-Miocene age of the Bahe Fm is widely accepted 
(Zhang et al. 2013, Wang et al. 2014). 
 
Sedimentology and depositional settings of the Bahe Fm are comprehensively described 
and interpreted in Kaakinen and Lunkka (2003). The sedimentological work was carried 
out at the north-east facing cliffs of the Bailu tablelands along a 10 km long transect on 
the southern side of the Bahe River. The sections cover the base of Bahe Fm, which in 
the area, is some 300 meters thick (Kaakinen and Lunkka 2003). 
 
Kaakinen and Lunkka (2003) identified a total of 13 different lithofacies that mainly 
associated with fluvial systems. The Bahe Fm is dominated by aggradational deposition 
of overbank sediments with intermittent coarse-grained channel-fills suggesting an 
environment where flood plain deposits accumulate outside of a frequently shifting low 
sinuosity river (Kaakinen and Lunkka, 2003). The flood plain sediments in Bahe Fm are 
mainly massive, fine grained sediments that display features associated with paleosol 
formation such as root traces, carbonate nodules and mottling (Kaakinen and Lunkka 
2003).   
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Lacustrine elements are observed as marl beds overlying mudstones that have been 
interpreted to have precipitated into shallow lakes or ponds (Kaakinen and Lunkka 2003). 
The thickness of marl beds varies across the sequence, suggesting a system of successive 
bodies of still water. There is no distinct change in the depositional regime throughout 
the Bahe Fm, although Kaakinen and Lunkka (2003) note a large-scale trend of upwards 
fining grain size, which they attribute to tectonic dynamics rather than climatic change. 
Fe-Mn nodules are found from the topmost flood plain deposits of the sequence. The 
lower flood plain deposits show film-like and filamentous Fe-Mn agglutinations but lack 
spherical nodule formation (Kaakinen, personal comm. 2019).  
 
An angular unconformity separates the younger Lantian Fm (6.8–2.6 Ma) from the 
underlying Bahe Fm (Kaakinen and Lunkka 2003).  The base of this ~60 meters thick 
formation (Liu et al. 2019) is identifiable by a conglomerate bed. The fluvial 
conglomerate bed is channelized and shows trough-cross stratification interbedded with 
sandstones (Kaakinen 2005). The lowest ‘Red Clay’ deposits host and upwards 
decreasing amounts of thin, massive sand beds and sand lenses whereas the rest of the 
Lantian Fm comprises of relatively homogenous ‘Red Clay’ deposits with upwards fining 
grain size (Kaakinen 2005).   
 
The dominant lithology of the formation comprises of massive silty clay and red brown 
silt (Kaakinen and Lunkka 2003). This fine-grained lithology is marked by cyclic 
occurrence of carbonate nodule horizons, a typical feature consistent with ‘Red Clay’ 
deposits. Carbonate content in Lantian Fm varies between 10–80 % and remains highly 
scattered with no discernible trends across the section, apart from a one, up to 2-meter-
thick carbonate nodule rich caliche layer at the very top of the Lantian Fm (Kaakinen 
2005). Apart from the lowest conglomerate bed, bulk of the Lantian Fm has been 
deposited from eolian transportation (Guo et al. 2002, Shang et al. 2016.).  
 
The Lantian Fm is overlain by a Quaternary loess-paleosol sequence with basal age 
2.6 Ma. It consists of a total of over thirty alternating layers of both loess and red-brown 
paleosols (Kaakinen 2005).  
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2.2. Climatological Settings 
The current climatological settings of the Lantian can be characterised as semi-humid 
monsoon climate of warm temperate zone.  The Mean Annual Temperature (MAT) in 
nearby city of Xi’an is 14.8 °C and the Mean Annual Rainfall (MAP) is, on average, 
528 mm a-1 (AM Online Project 2020). Over the Chinese Loess Plateau, most of the 
rainfall is the result of humidity transfer from South China Sea by the East Asian Summer 
Monsoon (EASM), with some overlapping contribution from the Indian monsoon (Figure 
4, Wang and Follmer 1997) whereby 68–87 % of rainfall takes place between May and 
September (Liu et al. 2005). Winter months see little rainfall during the dry winter 
monsoon. The Lantian area is separated from the subtropical, higher humidity climate in 
the south by the Qinling mountains. The flora of the Lantian region can be characterized 
as forest steppe vegetation with broadleaf deciduous forest (Cai et al. 2013) and the 
Qinling mountains south of Lantian act as a divider, separating the temperate forest steppe 
vegetation prevalent in the Lantian region from the higher humidity and subtropical 
forests in the south. 
 
 
Figure 4. The location of the Chinese Loess Plateau and the current extent of the East Asian Summer Monsoon (EASM) 
and the Indian Summer Monsoon (ISM) after (Chen et al. 2015). Elevation cross-blended hypsometric tint 1:10 raster 
and 1:10 country border polygon from Natural Earth (2018).  
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2.3. Paleoclimatological and paleoenvironmental settings 
On a global scale, the Early and Middle Miocene marked an increase in global 
temperatures after the cool and semi-arid Oligocene (Janis 1993, Zachos et al. 2001). The 
Early Miocene (23.5–16.5 Ma) saw an increase in global thermal gradients (Wei and 
Kennet 1986) and first a slight global cooling followed by warming leading to the Middle 
Miocene Climatic Optimum (MMCO, Zachos et al. 2001). This Miocene temperature 
maxima was followed by “The Middle Miocene Transition” that marked the beginning 
of further increase in latitudinal climatic gradients (Flower and Kennet 1994) and a steady 
trend of global cooling from 13.5 Ma onwards (Zachos et al. 2001). The global cooling 
trend and expansion of southern ice sheets continued throughout the Late Miocene and 
accelerated after the Pliocene transition (Figure 5, Zachos et al. 2001). However, while 
the global climatic trend during Middle and Late Miocene was moving towards lower 
temperatures and increased mid-latitude aridity (Janis 1993, Liu et al. 2009), the 
intensification of the East Asian Summer Monsoon (EASM)  during Late Miocene (An 
et al. 2001, Zheng et al. 2004) lead to increased precipitation and humidity in at least 
some parts of the mid-latitude East Asia (Kaakinen et al. 2006, Passey et al. 2009).   
 
Due to the human dependence on Asian monsoon regime, extensive work has been done 
to decipher the evolution of the Asian monsoon (An et al. 2001, Sun and Wang 2005, 
Guo et al. 2008, Clift et al. 2014, Lu and Guo 2014) with the aim of understanding the 
monsoonal climate variability and predicting future change. However, the conclusions 
drawn from variable temperature and precipitation proxies from both marine settings and 
terrestrial sequences in various parts of the CLP are subject to some variance due to the 
nature of benthic δ18O stacks used to assess global temperature and the regional variance 
in terrestrial climatic conditions. 
 
Since Early Miocene, there is evidence of increased heat and humidity dependant 
chemical weathering and pedogenesis in CLP deposits, however, it is likely to result from 
elevated temperatures instead of precipitation (Zhao et al. 2020). The effect of EASM 
likely only reached westernmost parts of the CLP during Late Oligocene – Early Miocene 
(Guo et al. 2008). During the MMCO (18.5–14 Ma, Zachos et al. 2001). Increased 
evidence of rising temperatures and precipitation in CLP sediments are interpreted to be 
the result of the early intensification of the summer monsoon (Clift et al. 2008, Zhao et 
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al. 2020). Moving towards Late Miocene, the global climate displayed a cooling trend 
derived from the benthic δ18O stacks (Zachos et al. 2001). This trend is observed in the 
CLP as decrease of temperature-controlled weathering (Zhao et al. 2020) and higher soil 
goethite content typically corresponding to weaker seasonal changes in soil moisture 
regime (Zhang and Nie 2017) suggesting decreased EASM intensity during 14–8 Ma 
(Zhao et al. 2020). This notion is corroborated by pollen observations from the CLP that 
show assemblage changes reflecting decreased EASM intensity (Jiang and Ding 2008). 
 
 
 
Figure 5. Marine benthic δ18O stacks reflecting global temperature changes and ice-volume effect. Major climatic, 
tectonic and biotic events and ice sheet coverage illustrated on a timeline. Edited from Zachos et al. (2001).  
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After 8 Ma, the gradual strengthening of the monsoon is noted in several studies from the 
South China Sea (Hess and Kuhnt 2005) as well as the CLP (An et al. 2001, Guo et al. 
2002) where EASM reached highest intensity during 4.5–2.6 Ma, although some evidence 
from the South China Sea suggests that the highest EASM intensity period was between 
5–3.8 Ma (Gai et al. 2020). Clay mineral assemblages from Chaona section in central 
CLP display an assemblage shift that is dividable into three intervals where interval I 
(7.5–6.9 Ma) is relatively cool and dry, interval II (6.9–4.1 Ma) displays stepwise increase 
in precipitation and oscillation of cool and dry conditions and step III (4.1–2.6 Ma) the 
highest increase in markers for summer monsoon intensity (Wang et al. 2019). Likewise, 
the progressive increase in iron oxide characteristics indicating precipitation, temperature 
and pedogenesis reach maxima between 4.5–2.6 Ma (Zhao et al. 2020) which is also 
reflected in the enhanced chemical precipitation observed in the South China Sea during 
the same time period (Clift et al. 2008).   
 
After the 2.6 Ma, iron oxide based EASM  proxies studied in Southern and South Eastern 
CLP display a decreasing trend in precipitation, pedogenesis and temperatures after Late 
Pliocene to the Early Pleistocene strengthening again as the glacial-interglacial cyclicity 
begins to enhance the monsoon cyclicity at ~1.0 Ma (Zhao et al. 2020). This notion is 
corroborated by magnetic susceptibility and bulk grain size observations in Pleistocene 
sediments from Yushan, located some 50 km north of Lantian, that reflect overall arid 
conditions starting from 2.22 Ma with minor periods of higher humidity (Wu et al. 2018). 
During Mid-Pleistocene transition, when global climate cyclicity changed from the 41-ka 
obliquity band to the 100-ka eccentricity dominant cyclicity (Hönisch et al. 2009), the 
changes in monsoon intensity are present as periods of higher humidity overprinting 
complex pattern of changes during 0.94–0.86 Ma followed by a humidity maxima during 
0.62–0.48 Ma (Wu et al. 2018). 
 
Due to the size and topography of the CLP, the general trends mentioned above do show 
variation, particularly between the general CLP trends and the intramontane basins in the 
South-Western CLP where a general cooling trend is observed starting around ~7 Ma ago 
(Chen et al. 2019).  This suggests that the general paleosol redox conditions and amount 
of meteoric rainfall varies spatially and that different locations and their 
paleoclimatological and pedogenic settings have to be analysed on a case-by-case basis 
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and highlights the importance of multiproxy approach, e.g. the inclusion of biological 
proxies as well as soil isotope geochemistry.  
 
Paleoenvironmental reconstructions can be based on the distribution C3/C4 vegetation and 
how it is reflected proxies such as soil carbonate δ13C (Kaakinen et al. 2006), mammalian 
tooth enamel δ13C (Passey et al. 2009) as well as direct fossil evidence based 
environmental reconstructions (Zhang et al. 2013).  
 
As the CLP is located in the sphere of influence of the monsoon climate system (Figure 
4), changes in the monsoon intensity are reflected heavily on the spatiotemporal 
distribution of C3/C4 vegetation. The distribution of these two photosynthesis pathways is 
controlled primarily by temperature (Ehleringer et al. 1997), seasonality and aridity 
(Wang and Follmer 1998, Shen et al. 2018) which all can be used to estimate the intensity 
and extent of summer monsoon (An et al. 2005, Liu et al. 2005). The changes in 
pedogenic carbonate (Kaakinen et al. 2006) and fossil tooth (Passey et al., 2009) δ13C 
values reflect changes in C3/C4 plant distribution (Cerling 1984) due to C3 plants being 
more discriminating towards heavier 13C (Deines 1980).  
 
Fossil tooth enamel δ13C from Late Miocene show a northward increasing trend signalling 
increased C4 vegetation coverage towards northern extent of the CLP which is interpreted 
as sign of vegetation ecosystem change from C3 plant dominated, evergreen forest 
settings in the south, towards forest steppe and desert steppe environments in the north 
(Passey at al. 2009). In Passey et al. (2009) model, during the Miocene-Pliocene (7–4 Ma) 
the C3 dominated evergreen forest environments covered the southern CLP where Lantian 
is located. After 4 Ma, the vegetation zones began shifting southwards with time and 
C3/C4 mixed forest steppe vegetation became dominant in the area since 2 Ma (Passey et 
al. 2009). This reconstruction would imply relatively higher effective humidity and 
amount of woody vegetation in the Lantian area during the Miocene–Pliocene transition.  
 
Soil carbonate observations from the Bahe Fm show relatively constant δ13C values 
during ~10–6.8 Ma with an average value of -8.7 ± 0.2 ‰ that has been interpreted as an 
almost pure C3 vegetation under high water stress (Kaakinen et al., 2006). δ13C values 
from the Lantian Fm (~6.8–2.6 Ma) soil carbonates are slightly more dispersed and have 
an average 9.4 ± 0.5 ‰ across the formation with no significant increase in values before 
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4.5 Ma and surpassing -8 ‰ at 2.6 Ma (Kaakinen et al. 2006), indicating C3 dominated 
vegetation during Lantian Fm deposition. 
 
Relatively abundant vertebrate fossil discoveries from both the Bahe Fm and the lower 
part the Lantian Fm have been found and used for biota-based reconstructions of the 
paleoenvironment in the area (Zhang et al. 2013). A very distinct faunal turnover is 
observed at the Bahe Fm - Lantian Fm turnover, although the lack of fossil discoveries 
from the top part of Bahe Fm prevents precise dating of the observed change (Zhang et 
al. 2013).  The fossils of Bahe Fm reflect open conditions with presence, among others, 
of equids, rhinocerotids, giraffids and bovids associated with open, plain like 
environments (Zhang et al. 2013). After the turnover from Bahe Fm to Lantian Fm, the 
faunal assemblages reflect much more closed, forested environments that can be observed 
as the increased presence of suids, small giraffids and cervids (Zhang et al. 2013). 
 
All in all, the sedimentological, geochemical and fossil-based evidence suggest a 
relatively stable, semi-arid and open flood plain environment during the formation of 
Bahe Fm that is succeeded by increased forest coverage and closing of the 
paleoenvironments. The change is likely due to increased precipitation caused by the 
intensification of the summer monsoon circulation (An et al. 2001). This development is 
generally an exception from the global trend of increased aridity and reduced 
temperatures (Janis 1993).   
 
 
3. FE-MN NODULES AND CONCRETIONS 
The geochemical study of soil ferromanganese elements began during the 1970’s (Childs 
1975) and started to make strides towards the turn of the millennium (Ram et al. 2001, 
Aide 2005). Early study of Fe-Mn nodules and morphology focused using electron 
microscopy was limited largely to qualitative analysis of element distribution and 
interpretations made on high magnification imaging (Pawluk and Dumanski 1973), but 
as scanning electron microscopy (SEM) became a more prevalent method, semi-
quantitative and quantitative elemental analysis and analysis of elemental distribution 
became possible (White and Dixon 1996, Palumbo et al. 2001, Liu et al. 2002, Cornu et 
al. 2005). 
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Mineralogical study of Fe-Mn nodules has long been troublesome due to the minerals 
being very poorly crystalline or completely X-ray amorphous, significantly hindering the 
use of X-ray diffraction (XRD) for mineral identification (Childs 1975). The primary 
mineral grains commonly acting as nodule nuclei have been identified to be quartz, 
feldspars or micas (Manceau et al. 2003). The main ferric oxides, oxyhydroxides and 
hydroxides (hereafter all referred to as oxides for brevity) have been shown to be goethite, 
haematite and ferrihydrite with variable amounts of Al substitutions (Liu et al. 2002, 
Cornu et al. 2005). Mn oxide identification has proved even more challenging, but XRD 
methods and selective dissolution methods (Tokashiki et al. 2003) have been successfully 
combined to identify minerals like vernadite and lithiophorite (Liu et al. 2002, Vidhana 
Arachchi et al. 2004).  
 
Mineral analysis of Fe-Mn nodules truly became viable with the advent of modern 
synchrotron-based methods, such as X-ray absorption near edge structure spectroscopy 
(D’Amore et al. 2005), extended X-ray absorption fine structure spectroscopy (D’Amore 
et al. 2005, Vodyanitskii 2006) and synchrotron based microdiffraction (µXRD) and 
micro X-ray fluorescence (µXRF), have revolutionized the study of both elemental and 
trace element chemistry as well as Fe-Mn mineral content (Vodyanitskii 2006). Likewise, 
modern micro-Raman spectrometers have been successfully used for mineral 
identification in poorly crystalline Fe-Mn nodules from marine settings (Ostrooumov 
2017), making the method promising for study of pedogenic nodule mineralogy. 
Synchrotron X-ray microscopy has been used to accurately map the speciation of 
elements and mineral content in several nodules of different origin as well as to identify 
minerals such as feroxyhyte, a type of ferrihydrite, as well as several Mn minerals such 
as scarce amounts of birnessite (Vodyanitskii 2006). 
 
The study of the three-dimensional structure of Fe-Mn nodules begun in late 20th century 
but was initially limited largely to nodules of marine origin (Duliu et al. 1997). As 
standard computer tomography (CT) is mostly useful as qualitative imaging-based 
assessment of structure homogeneity, attempts to see the mineralogical and elemental 
distribution in three dimensional settings involved slicing of very brittle nodule material 
into thin sections and then reconstructing the results. The advent of synchrotron-based X-
ray micro-computed tomography (SR-µCT) allowed the accurate mapping of nodule pore 
networks and elemental distribution of Fe-Mn nodules (Yu et al. 2015). 
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3.1. Formation of Fe-Mn Nodules and Concretions 
There is no singular theory of formation for pedogenic Fe-Mn nodules, but several 
theories have been proposed (Tebo et al. 2004, Jien et al. 2010, Timofeeva et al. 2014, 
Zhang et al. 2014, Yu et al. 2015, Sipos et al. 2016, Ettler et al. 2017). The formation can 
be mediated by microbial activity (Tebo et al. 2004, Timofeeva et al. 2014) or through 
abiotic redox reactions over alternating wet-dry cycles. All suggested abiotic theories 
adhere to a shared pathway of early nodule formation where soil Fe-Mn nodules are 
formed by processes of reduction, translocation and oxidation of Fe and Mn oxides 
(Vepraskas and Lindbo 2012). During wet phases, soils are mainly reductive 
environments where the mobility of soil Fe and Mn is enhanced primarily as Fe(II) and 
Mn(II) ions (Schwertmann and Taylor 1989). During dry periods the soil environment 
becomes more oxidized, leading to reprecipitation of Fe(II) and Mn(II)  in soil pores and 
on the surface of primary soil minerals  such as quartz, feldspars or micas as poorly 
crystalline oxides (Golden et al. 1988, Yu et al. 2015). This cementation results in creation 
of a “proto-nodule” which is a discreet, low-porosity, compact nodule of reducible 
material (Huang et al. 2008).  There is also evidence from one nodule bearing horizon, 
where the microfractures of weathering biotite are filled with amorphous Fe-Mn 
oxyhydroxides thus eventually forming the proto-nodule out of weathering biotite (Šegvić 
et al. 2018). The kinetic resistance to reducibility in the proto-nodule make the nodules 
act as a nuclei of high redox potential that grows as new Fe(II) and Mn(II)  ions precipitate 
on the surface of the nodule (Yu et al. 2015).  
 
As Fe reduction and mobilization takes place at lower Eh values compared to Mn, Mn 
may remain mobile in environments where Fe is not readily reduced (White and Dixon 
1996, Frohne et al. 2011, Yu et al. 2015). Due to the high mobility and oxidation potential 
requirement for Mn precipitation, it can relocate and precipitate into cracks and pores 
within the nodule where more oxidizing conditions prevail (Yu et al. 2015). The often 
thermodynamically unstable Mn oxides are initially precipitated on primary minerals, 
followed by precipitation in micropores and succeeded by precipitation of Fe oxides on 
the surface (Yu et al. 2015). While these abiotic processes of wet-dry cyclicity dominate 
the formation of Fe-Mn nodules, pore filling is essentially an entropy reducing process 
requiring additional energy, making it likely that the extra energy required is derived from 
microbial activity (Yu et al. 2020). As the soil environment goes through alternating 
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reductive and oxidizing conditions, eventually multiple concentric Mn-Fe rings grow on 
the initial proto-nodule forming a structure of concentric Fe or Mn oxide rings. 
 
During times of relative higher water availability, the hydrous Mn and Fe phases 
(birnessite and ferrihydrate, respectively) form in micropores within the soil. As lack of 
water starts to limit the hydrous phases, the formation of minerals proceeds towards more 
stable lattices like hollandite and goethite (Schwertmann and Taylor 1989, Gasparatos 
2012). However, in actual samples birnessite is a relatively rare mineral only present as 
thin coatings while lithiophorite and vernadite are the dominant Mn bearing minerals 
(Vodyanitskii 2006), which may be due to the relative scarcity of Mn(III) and Mn(IV) 
cations.  Still, mineral content reflects theory as most unstable minerals such as ferric 
ferrihydrite proper and feroxyhyte and manganates vernadite and birnessite are 
concentrated near the nucleus of the nodule, whereas the outer envelope consists of 
mostly relatively stable goethite and hollandite (Vodyanitskii 2006). It is to be noted, 
however, that synchrotron radiation-based methods have been applied to a very limited 
number of samples from few regions, so variability of the minerals present could alter to 
some degree depending on the pedogenic environment. 
 
It is also noted that oxidation of Fe(II) can be considerably accelerated by the presence of 
Mn(IV) ions (McKenzie 1989) in a situation where manganese oxides that contain 
Mn(IV) precipitate initially, the oxidation of Mn(IV) and Fe(II) can cause the 
precipitation of the Fe(III) phase (Schwertmann and Taylor 1989).  In this case and under 
certain Eh-pH conditions, the presence of birnessite may promote the crystallization of 
Fe ions forming mainly goethite (α-FeOOH) and lepidocrocite (γ-FeOOH) along the 
expected ferrihydrite (Krishnamurti and Huang 1989). 
 
Very few peer reviewed quantitative studies of nodule formation duration exist, and the 
timeframes are very much estimated as Fe-Mn nodules are typically beyond U-Th-Pb- 
and 14C dating. Likely, depending on the environment, the process of forming a mature, 
ring structured nodule could last from few thousand years (Stiles et al. 2001) to tens of 
thousands of years (Yu et al. 2020). In one case a modern forest soil Fe-Mn nodule 
revealed that the organic carbon trapped within the nodule had a 14C age of more than 
21 000 years (Elberling et al. 2013). 
 
19 
The formation rate is mainly controlled by rate of changes in the soil redox conditions 
where slower changes increase Fe and Mn enrichment (Yu et al. 2020). Fe-Mn nodule 
porosity can be used to assess the nodule formation as during periods of slow changes in 
redox settings, more metals can precipitate within the soil pore network resulting in lesser 
porosity within the nodules (Yu et al. 2020). This implies that during faster changes of 
soil redox state, the Fe-Mn nodule pores could be partially blocked by the quicker 
precipitation of Fe-Mn minerals, resulting in smaller Fe-Mn enrichment. Due to the 
process of nodule formation and the slow rate of growth, nodules found from same soil 
horizon can then be in different stages of formation and display considerable differences 
in shape, enrichment and in structure or lack thereof.  
 
Fe-Mn nodules are known from various types of pedoenvironments such as alfisols, 
fluvisols, ultisols, gleysols, planosols and stagnosols (IUSS WG WRB 2015) as well as 
several types of undefined paleosols. To facilitate the formation of redoximorphic 
features, requiring dissolution, translocation and oxidation of redox sensitive elements, 
several criteria must be simultaneously fulfilled (Blume et al. 2016): 1) decomposable 
organic substrate has to be present, 2) temperature and environment has to be suitable to 
support microflora activity, 3) soil must be water saturated 4) oxygen must be restricted 
enough to form anaerobic conditions 5) alternative electron acceptors must be present and 
6) anaerobic conditions have to be followed by subsequent aeration.   
 
Sipos et al. (2016) studied the effects of soil settings in nodule formation by the changes 
in nodule microfabric and the elemental distribution. The results of Sipos et al. (2016) 
indicate that the length and frequency of waterlogging to affect the cementation of 
primary soil minerals, re-arrangement of elements and the rate of impregnation of 
nodules’ interior, where fast impregnation was often combined with exfoliation of the 
outer coating band. Likewise, an increase in rate of hydromorphism resulted in the 
dominance of Mn oxides to turning to dominance of Fe oxides (Sipos et al. 2016).  
However, this was not seen to be the case in all parts of the nodules, implying that the 
process is affected by numerous factors, such as the supply of Fe and Mn, rate of ion 
diffusion towards nodule interior and the resistance of nodule phase associations (Sipos 
et al. 2016). The relations between nodule microfabric, distribution of chemical 
components and the host soil are largely unexplored on wider scale and under more 
contrasting soil settings.  
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3.2. Elemental Chemistry 
Main elements in Fe-Mn nodules are Si, Al, Fe and Mn and minor element constituents 
are Ba, Ca, Mg, K, Na, Ti, Pb and Co (Liu et al. 2002).  EDS-SEM detectable amounts 
of Cd, Cr, Cu, Ni, V, Zn and Zr are also relatively common (Liu et al. 2002, Yu and Lu 
2016). Element concentration compared to surrounding soil is calculated as enrichment 
factor (EF). These EF values display that ferromanganese nodules are highly Mn 
enriched, 25–60 times the concentration of host soil (Table 1, Childs 1975 Palumbo et al. 
2001, Liu et al. 2002), and to lesser extent, Fe with EF decreasing to around 2–5 in larger 
nodules (Palumbo et al. 2001, Cornu et al. 2005). Simultaneously, nodules are usually 
depleted in most common alkaline earth metals such as Ca and Mg in regard to the host 
soil (Gasparatos 2012). 
 
Table 1. Fe-Mn nodule enrichment factors (EF) reported in previous studies. 
 EFSi EFAl EFMn EFFe EFCa EFMg EFK 
Tan et al. (2006) 0.70 0.78 57.8 2.11 2.29 0.66 0.66 
Palumbo et al. (2001)  0.95 30.7 2.34 0.14 0.56 0.78 
Childs (1975) 0.72 0.83 25.7 3.5 0.71 - 0.89 
 
Carbon in Fe-Mn nodules is associated with Mn oxides with the C content increasing 
alongside Mn concentration (Tebo et al. 2004). Fe-Mn nodules can be highly carbon 
enriched with an EF of 10–20 (Rennert et al. 2014). The carbon is mainly derived from 
microbial activity (Tebo et al. 2004) and derives mostly of lipopolysaccharides and 
extracellular proteins (Estes et al. 2017). 
 
The capacity of Fe-Mn nodules to absorb metals is well documented (McKenzie 1989) 
and is of particular interest in the study of the toxic heavy metal sequestration capabilities 
of soil Fe-Mn nodules (Gasparatos 2012). The generally large absorption capacity and 
scavenging potential of Mn oxides means that they function as one of the primary controls 
of metal ion availability in soils (Gasparatos 2012). Mn oxides are particularly effective 
heavy metal scavengers as their surface becomes negatively charged as soil pH increases, 
allowing the trapping of heavy metals as the nodules are formed (Liu et al. 2002). The 
metal ion affinities on the surface of Mn oxides can be generally described in a decreasing 
order as follows: Pb > Cu > Mn > Co > Zn > Ni (McKenzie 1980). This has been observed 
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to be a working estimate, although not universally applicable (Liu et al. 2002, Timofeeva 
et al. 2014). Contradicting reports of Pb association exist, as in some nodules  Pb has been 
reported to be strongly associated with Mn phases of the Fe-Mn nodules (Liu et al. 2002, 
Cornu et al. 2005, Timofeeva et al. 2014), but there is also evidence of Pb sequestration 
with Fe phases (Palumbo et al. 2001, Aide 2005, Yu and Lu 2016).  Similar discrepancy 
exists with Co, as Palumbo et al. (2001) discovered no association towards either oxide 
phases, whereas Neaman et al. (2008) observed Co to be associated with Mn oxides in 
nodules.  
 
The most significant Fe associated heavy metal is Cr as ferromanganese nodules are 
possibly the most important scavengers of Cr(III) via Fe isomorphic substitutions (Tzou 
et al. 2003). Also, in Chinese alfisols, the nodule Fe content displays a linear correlation 
with not just Cr, but other heavy metals such As, Mo and Se (Manceau et al. 2002, Aide 
2005). It is then reasonable to say that he knowledge on spatial distributions and dynamics 
of heavy metals in Fe-Mn nodules, while making strides in the recent years, is still lacking 
as different correlations have been observed from nodules collected from various soils 
(Gasparatos 2012, Yu and Lu 2016). 
 
 
4. SAMPLES AND METHODS 
PLA15 series of samples originate from upper Bahe Fm, henceforth referred to with a 
working title “upper Bahe Fm”, from strata that is known as fossil locality 6 (Zhang et al. 
2013) and have been dated to 8.07 Ma (Zhang et al. 2013, Kaakinen, personal comm. 
2020). The nodules were collected from floodplain siltstone (Kaakinen, personal comm. 
2020). The red-brown siltstone is massive and bears an abundance of very large, dark 
brown nodules typically ranging between 3–5.5 mm in size. Floodplain deposits in the 
lower parts of the Bahe Fm show no spherical Fe-Mn nodules, only filamentous and film-
like Fe-Mn agglutinations (Kaakinen, personal comm. 2020). No paleosol analysis has 
been done for upper Bahe Fm paleosols. The soil environment features indicate 
waterlogging with possible periodic oxygen depletion. The rate of sediment deposition in 
Bahe Fm varies between 4–6 cm ka-1 (Kaakinen 2005, Zhang et al. 2013).  
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The samples were removed from a roughly 3 dm3 block of consolidated sediment matrix 
in University of Helsinki using dental tools. Block of this size contained several hundreds 
of Fe-Mn nodules. A total of 11 samples from upper Bahe Fm were selected for analysis. 
 
Zr7 samples originate from a horizon on top of the Bahe Fm that is henceforth referred to 
under the working title of “topmost Bahe Fm.” The site is dated to 7.7 Ma and referred to 
as fossil locality 52 in Kaakinen and Lunkka (2003) and Zhang et al. (2013). Unlike most 
of Bahe Fm, the topmost Bahe Fm deposits show a clear eolian component largely 
resembling the ‘Red Clays’ present in overlaying Lantian Fm (Kaakinen, personal comm. 
2020). However, unlike most of Lantian Fm, the topmost Bahe Fm strata shows thin, 
laterally continuous sandy beds indicating fluvial activity. The Fe-Mn-nodule-bearing 
silty claystones showed to contain carbonates upon hydrochloric acid reaction test 
(Kaakinen, personal comm. 2020). The primary sediment structures have been destroyed 
by pedogenic processes, but signs of roots are present as green striping. The nodules from 
topmost Bahe Fm are all of smaller size (~1–2 mm), reddish or dark brown and the sample 
quantity is limited. All samples, seven of which were chosen for analysis, have been 
separated from soil matrix on site upon collection.  
 
Zr5 samples originate from the top of the Lantian Fm with a depositional age of 3.7 Ma 
(Kaakinen, personal comm. 2020) from a horizon henceforth referred to with a working 
title “Lantian Fm.” The Fe-Mn-nodule-bearing horizon of silty claystone is located right 
under a up to two-meter-thick caliche horizon formed over a very long time span, 
indicative of high precipitation and subsequent evaporation. The Fe-Mn nodule location 
in relation to the gradational basal contact of the carbonate nodules varies between 
immediate contact and 50 cm (Kaakinen, personal comm. 2020). Lantian Fm deposition 
is considerably slow, with calculated sedimentation rate of 1.38 cm ka-1 (Kaakinen 2005, 
Zhang et al.2013).  
 
Most Zr5 have been separated from sediment matrix on site. Samples 8–11 of the series 
have been collected on a later date and separated from the matrix at the University of 
Helsinki. The samples are primarily of smaller size (1.5–2 mm) but larger nodules up to 
5 mm are present in small quantity. The smaller samples appear reddish brown whereas 
the larger nodules are darker shade of brown. Nodule content per sediment volume is 
considerably lower than in the sediment block from upper Bahe Fm.  
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4.1. Sample preparation 
For SEM analysis, samples were to be measured from the equatorial plane of the spherical 
nodule. A variable height sample mount was prepared out of molding putty and nodules 
of different sizes were aligned horizontally by their largest diameter point. The mounted 
samples were placed in an outer mold and cast in epoxy resin. After curing, half of the 
samples, specified with suffix H in sample names, were prepared as 30 μm thick thin 
sections and the rest of the samples were prepared into half dome shaped thick sections 
marked with a sample ID suffix D. Thin sections were prepared to have some samples 
with potential for mineralogical studies using μ-XRD method. A total of 29 nodules 
samples were prepared, of which 13 as thin sections and 16 as thick sections. 
 
Thin section samples were planed from both sides until the largest diameter 30 μm thick 
section was left, which was attached to a glass slide using epoxy glue. Thick section 
samples were planed from one side only until the specified equatorial plane was reached 
with the resin matrix acting as a sample holder. The epoxy casting and sample cutting 
was done in the University of Helsinki thin section laboratory. 
 
Before SEM measurements, samples were carbon coated at the Geological Survey of 
Finland laboratories to prevent overcharges under electron beam in non-conductive 
materials that could inhibit image formation and deteriorate the samples. In a coating 
chamber, a carbon rod is sealed in a vacuum between two electrical high-current terminals 
and heated to the carbon evaporation temperature. The resulting stream of very fine 
carbon was deposited on top of the samples over 15 minutes. 
 
 
4.2. FE-SEM and EDS-SEM 
Scanning electron microscopy combined with energy dispersive X-ray spectrometry 
(EDS-SEM) is a commonly used and widely applied technique for elemental 
microanalysis. Electron microscopy is method where the surface of the sample is scanned 
with a focused beam of high-energy electrons. The electron beams produce different 
interactions with the atoms of the target sample. Inelastic and elastic scattering produce 
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signals that can be used for image formation as well as quantitative and semi-quantitative 
elemental analysis.  
 
Imaging is typically based on secondary electrons emitted by the target atoms upon 
excitation with the electron beam and detected with a secondary electron detector. 
Elemental analysis most commonly utilize characteristic X-rays that are emitted as high 
energy incident electrons eject electrons from the inner shell of the target atom and the 
vacancy is filled by an electron from the outer shell. Due to the unique atomic structure 
of each element, the difference in energy between inner and outer shells may release as 
an X-ray of specific energy that can be measured using X-ray Energy-Dispersive 
spectroscopy (EDS). The sample analysis was done using Energy Dispersive X-ray 
Scanning Electron Microscopy (EDS-SEM) equipment of Geological Survey of Finland 
Mineral Processing Laboratory in Espoo, Finland.  
 
Elemental mapping was done using the JEOL JSM-7100F FE-SEM combined with 
Oxford Instruments X-Max EDS operating under Oxford Instruments proprietary Aztec 
software. The electron beam was run at 20 kV accelerating voltage and 1 nA probe current 
in high vacuum and COMPO-backscattered signal. Aztec software was used to compile, 
depending on nodule size, 33–80 semi-quantitative element distribution images into a 
montage image containing the distribution of elements of interest in the nodule. Likewise 
using the Aztec software, the total elemental composition of the exposed equatorial plane 
of the spherical nodule was calculated to a semi-quantitative standard. EDS energy 
calibration was done six times in total: prior to measurements and after every four 
consecutive hours of use. 
 
Elemental spot analysis was carried out with JEOL JSM-5900LV SEM with Oxford 
Instruments X-Sight EDS detector. Accelerating voltage of the electron beam was set to 
15 kV and probe current to 1 nA. Analyzed spots were chosen along the radius of the 
nodule to cover major phases visible in the SEM imaging. Process and data acquisition 
were controlled by Oxford Instruments proprietary Inca software that delivers elemental 
data of semi-quantitative quality. EDS energy calibration was done prior to 
measurements. 
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All measurements were done using the carbon sample coat preselection in Aztec and Inca 
software, with minimum count number of 300 000 and 20-seconds live time. Results were 
normalized to 100 with elemental automatic identification threshold set to 2x σ.  
 
 
5. RESULTS 
 
5.1. FE-SEM 
5.1.1. PLA15 
Apart from samples 1H and 4H, PLA15 sample series is relatively homogenous in both 
appearance and elemental distribution (Table 2, Figures 6–7). Nodule shapes vary from 
spherical to sub-angular. On most samples, the structural anisotropy is higher in less 
spherical samples.  
 
Table 2. FE-SEM total surface concentrations of PLA15 samples as wt-% 
 1H 2H 3H 4H 5D 6D 7D 8D 9D 10D 11D 
O 44.7 44.2 45.1 44.7 44.9 45.7 44.6 43.1 45.0 43.7 42.3 
Si 20.4 19.8 20.7 17.4 19.9 19.1 21,9 19.8 19.2 20.1 20.0 
Mn 9.9 10.3 9.9 11.8 10.8 10.6 8.7 12.9 10.5 12.0 12.2 
Fe 12.6 8.5 8.4 11.4 9.4 8.1 9.0 8.8 8.8 10.3 9.8 
Al 5.1 - 6.6 6.0 5.9 6.4 6.3 6.1 5.8 6.5 6.4 
Ba 1.4 2.5 2.3 1.8 2.6 2.7 1.7 3.2 2.5 2.9 3.1 
K 1.6 2.0 2.2 1.9 2.0 2.3 2.3 2.1 2.1 2.2 2.2 
Cl 1.0 0.7 1.2 1.7 1.5 1.5 1.4 1.0 2.1 0.8 0.7 
Mg 1.0 - 1.4 1.2 1.4 1.5 1.3 1.4 1.3 - 1.4 
Ca 1.0 0.8 0.8 1.1 0.8 0.8 0.8 0.8 2.1 0.8 0.8 
Ti 0.4 0.4 0.4 0.3 0.4 0.4 0.5 0.4 0.4 0.4 0.4 
In 0.2 0.2 0.3 - 0.4 0.3 0.3 0.3 0.3 0.3 0.3 
S - - - 0.1 0.2 0.2 - - 0.1 - 0.1 
Na - - 0.5 - - 0.4 0.6 - - - - 
P - - - - - - - - 0.7 - - 
Mo 0.3 - - - - - 0.4 - - - - 
V 0.2 - - 0.1 - - - - - - - 
Pb - - - 0.4 - - - - - - - 
Br - 10.6 - - - - - - - - - 
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A well-developed concentric ring structure with alternating Fe and Mn rich phases is 
present in most samples with structure becoming more pronounced with increase of 
nodule size. Smaller samples (6D, 7D and 9D) show less developed internal structure but 
are not significantly less enriched in Fe and Mn (Table 2). Samples 1H and 4H lack 
unbroken ring structure and have a mottled appearance. Primary soil fragments are 
observable as grey crystals under SEM imaging.  Samples 3H and 4H show considerable 
degradation that took place during sample preparation and transport. 
 
Nodule interior and the outer coating is typically Mn enriched (Figures 6–7) and most 
samples contain higher mass fraction of Mn than Fe, with Mn content ranging between 
8.7–12.9 wt-% and Fe between 8.1–12.6 wt-% (Table 2). 
 
 
Figure 6. FE-SEM elemental mapping of PLA15 samples prepared as thin sections. Samples 3H and 4H show 
considerable degradation that has taken place during sample preparation process. 
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Figure 7. FE-SEM elemental mapping of PLA15 thick section samples. 
5.1.2. Zr7 
In general, Zr7 series of samples are marked with small size and textural immaturity and 
low Fe-Mn enrichment (Figure 8). The sample shapes vary between almost spherical and 
sub-rounded.  All but one of the samples in the Zr7 series show poorly developed structure 
and poor differentiation of Fe and Mn. Faint Mn rings are observable on most samples, 
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but the Fe distribution remains relatively constant throughout the samples (Figure 8) 
Sample 2H has a mottled appearance with larger Mn content than other samples. Nodules 
of this sample series contain a low amount of very small Si and Fe rich primary soil 
mineral fragments. 
 
The chemical composition is relatively high in Si and most samples are only moderately 
Fe enriched (6.6–10.4 wt-%) and somewhat poorly Mn enriched (5.6–8.7 wt-%, Table 3). 
 
 
Figure 8. FE-SEM Fe-Mn elemental mapping of Zr7 thin sections (H) and thick sections (D). 
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Table 3. FE-SEM total surface concentrations of Zr7 samples as wt-% 
 1H 2H 3D 4D 5D 6D 7D 
O 48.6 47.9 44.2 45.4 44.6 45.1 45.2 
Si 23.3 18.1 24.4 24.1 24.0 23.1 23.6 
Mn 5.5 8.7 5.6 5.8 7.9 7.0 7.3 
Fe 6.1 10.4 8.0 6.9 6.6 7.7 7.4 
Al 7.6 5.8 8.7 8.7 7.9 8.0 7.7 
Ba 1.0 1.1 1.2 1.2 1.6 1.7 1.5 
K 2.8 1.7 3.3 3.2 3.1 2.3 2.9 
Cl 1.5 2.2 0.7 0.7 0.6 0.9 0.7 
Mg 1.3 1.1 1.6 1.7 1.5 1.5 1.4 
Ca 0.6 2.4 0.7 0.7 0.7 1.1 0.7 
Ti 0.5 0.4 0.6 0.6 0.6 0.5 0.5 
In 0.4 0.2 0.3 0.3 0.3 - 0.3 
S 0.1 0.1 0.2 0.1 0.2 - 0.1 
Na 0.6 - 0.5 0.5 - 0.5 0.6 
 
5.1.3. Zr5 
Sample series is the most heterogenous in size, structure and elemental distribution. Mn 
content of the samples shows considerable variation and typically decreases with the size 
of the nodule (1.8–13.6 wt-%) while, apart from sample 8D with an anomalous iron 
content of 16.1 wt-%, other samples range between 5.7–8.0 wt-% (Table 4). 
 
Table 4. FE-SEM total surface concentrations of Zr5 samples as wt-% 
 1H 2H 3H 4H 5H 6H 7H 8D 9D 10D 11D 
O 43.6 47.4 49.6 49.0 48.4 48.1 49.7 45.2 44.8 44.2 45.2 
Si 19.7 20.7 23.4 23.6 23.6 21.4 25.0 22.3 23.5 24.4 23.8 
Mn 13.6 9.0 4.3 4.1 6.4 7.8 2.6 1.8 8.1 5.6 7.7 
Fe 7.6 7.2 5.8 6.8 5.7 6.0 6.9 16.1 6.6 8.0 6.5 
Al 6.1 6.4 8.2 6.3 7.3 7.4 7.7 7.1 7.8 8.7 7.9 
Ba 3.3 2.2 1.2 0.7 1.1 1.8 0.5 0.4 1.6 1.2 1.5 
K 2.1 2.3 2.7 2.3 2.7 2.5 2.6 2.5 3.0 3.2 3.0 
Cl 0.9 0.7 1.5 1.2 1.3 1.4 1.8 0.6 0.8 0.7 0.6 
Mg 1.4 1.4 1.8 1.0 1.3 1.6 - 1.3 1.5 1.6 1.6 
Ca 1.0 0.9 0.6 0.7 0.7 0.8 0.7 0.9 0.7 0.7 0.7 
Ti 0.4 0.5 0.5 0.4 0.5 0.5 0.5 0.4 0.6 0.6 0.6 
In 0.2 0.3 0.4 0.5 0.4 0.3 0.5 0.3 0.4 0.3 0.3 
S - - - - - - - 0.1 0.2 0.2 0.2 
Na - - - 0.5 0.6 0.4 1.4 0.6 0.6 0.5 - 
P - - - - - - - 0.3 - - - 
V - - - - - - - 0.1 - - - 
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Two samples of larger size (~3.5 mm, 1H and 2H) display distinct and well differentiated 
ring structures and medium sized samples with less defined structure (~2–3 mm, Figure 
9). Smallest samples display faint Fe-Mn differentiation or no structure at all 
(~1.5–2.5 mm, Figure 10). Samples are almost spherical or sub-rounded. Apart from 
samples 2H and, to lesser extent, 5H, nodules do not have Mn enriched interior. Many 
nodules host large Si rich soil mineral fragments as well as some Fe rich fragments. 
Visually, the large fragments do not affect nodule structure apart from slightly reducing 
the nodule sphericity. Sample 8D has an anomalously high Fe content with just a few 
poorly defined Mn rich zones. 
 
 
Figure 9. FE-SEM Fe-Mn elemental mapping of Zr5 thin sections. 
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Figure 10. FE-SEM Fe-Mn elemental mapping of Zr5 thick sections. 
 
5.2. EDS-SEM point measurements 
A total of 14 samples were chosen for EDS-SEM point analysis. On most samples, two 
radial lines, located 50–55 µm apart and consisting of 8–16 points along the nodule radius 
were measured. Where no distinct difference between measurement points was observed 
under secondary electron imaging, a single line was used. Measurement locations are 
visualized on FE-SEM Fe-Mn mapping images with distribution mass fractions of Si, Fe 
and Mn displayed on graphs in Figures 11–24. Six samples from PLA15 assemblage were 
selected (Figures 11–16), one from Zr7 (Figure 17) and seven samples from Zr5 (Figures 
18–24). Full results containing measured minor elements are found in Appendix A.  
32 
 
Figure 11. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample 
PLA15-1H. Concentrations in wt-%. 
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Figure 12. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample 
PLA15-2H. Concentrations in wt-%. 
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Figure 13. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample 
PLA15-5D. Concentrations in wt-%. 
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Figure 14. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample 
PLA15-8D. Concentrations in wt-%. 
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Figure 15. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample 
PLA15-10D. Concentrations in wt-%. 
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Figure 16. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample 
PLA15-11D. Concentrations in wt-%. 
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Figure 17. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample Zr7-
7D. Concentrations in wt-%. 
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Figure 18. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample Zr5-
1H. Concentrations in wt-%. 
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Figure 19. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample Zr5-
2H. Concentrations in wt-%. 
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Figure 20. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample Zr5-
5H. Concentrations in wt-%. 
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Figure 21. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample Zr5-
6H. Concentrations in wt-%. 
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Figure 22. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample Zr5-
9D. Concentrations in wt-%. 
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Figure 23. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample Zr5-
10D. Concentrations in wt-%. 
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Figure 24. EDS-SEM Fe-Mn-Si concentration analysis locations superimposed on FE-SEM Fe-Mn map in sample Zr5-
12D. Series a and b are combined where only one measurement exists. Concentrations in wt-%. 
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6. DISCUSSION 
 
6.1. Quality of measurements 
EDS-SEM is a proven method for elemental microanalysis, but it poses several 
limitations that some are part of the method itself and some are unique to the study of 
poorly crystalline, brittle and porous materials. While EDS-SEM analysis is capable of 
matching the analytical accuracy and precision of wavelength dispersive spectrometry 
(Ritchie et al. 2012), the reliance on automatic characteristic X-ray peak identification   
and the beam effects on uneven sample surface topography in brittle material add 
considerable uncertainty to the data.  
 
Reliance on automatic peak identification, in this case the Oxford Instruments Inca and 
Aztec software controlling the EDS-analysis, means that the control of matrix correction 
calculations and validation of standardless analysis procedures is left to the control of 
proprietary software. This is known to produce very reliable results as long as strict 
measurement protocol is followed (Newbury and Ritchie 2013). The following 
optimization parameters are chosen by the instrument operator: optimised EDS time 
constant (resolution), solid angle of the EDS, beam current optimization for acceptable 
dead time, EDS energy calibration and spectrum count number adjustments. After 
instrument optimization, however, the possibility of incorrect elemental assignments can 
still take place not only in trace level constituents but on major constituent levels as well 
(Newbury and Ritchie 2013).   
 
The brittle, microcrystalline structure of the samples made the material more difficult to 
polish to high standards as well as subjected the sample surfaces to rapid deterioration 
during transportation and possibly carbon coating. Deterioration of the surface increases 
the chances of errors caused by the lack of control of sample geometry (shape, local 
inclination). This poses the risk of introducing geometric errors of relatively high 
magnitude (Newbury and Ritchie 2013).  
 
Aztec and Inca calculate the standard deviation of the concentration (σC) to determine the 
confidence interval of each of the calculated element concentrations. These calculations, 
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although being subject to slight variation between different manufacturers, are described 
in detail by Goldstein et al. (2003) and take into account the major sources of variation in 
k-ratio (k = Iunknown / Istandard, where I is measured X-ray intensity)  which include the 
counts for characteristic peaks and the background for both the Iunknown and for the 
standard denominator. Software provided standard deviation calculations for 
measurements where σ of 0.0 (σ < 0.05 rounded to one decimal place) was achieved for 
all major elements apart from oxygen (O) measurements which all had σ of 0.1 (0.05 ≤ σ 
≤ 0.10 rounded to one decimal place) in FE-SEM. In EDS-SEM point measurements, a σ 
of 0.0 was achieved for major constituents and σ of 0.1 for some minor constituents. Both 
FE-SEM and EDS-SEM measurement calculations were optimized for low σ major 
element identification. Disqualification of σ over 0.1 reduces sensitivity for trace and 
minor elements. 
 
Two elemental anomalies are present in FE-SEM peaks identified by the Aztec software. 
Sample PLA15-2H is measured to contain 10.6 wt-% of Br. As Al is not detected in 
sample, the measurement appears as a peak misassignment error mixing the Br Lα 
transition (1.480 keV) and Al Kα transition (1.486 keV) energies. This renders PLA15-
2H compositional FE-SEM calculations unusable. A systematic error is also present as 
identification of In in all samples with a concentration of ~0.3 wt-% in each sample. In 
was not detected at all in any of the samples by EDS-SEM point measurements, nor is it 
likely that any of the most probable interfering elements would be present in such steady 
concentrations in all samples. Thus In measurements can be a result of systematic peak 
misidentification caused by energy resolution of the detector where either escape peaks 
or lower order transition peaks are systematically being misassigned.   
 
EDS-SEM point analysis, while retaining σ value standard of 0 for major elements and 
0.1 for some minor elements, show impossibly high Fe values on the most Fe rich parts 
of some nodules. In sample Zr5-9D (Figure 22) measurement 05b shows Fe content of 
83.73 wt-% which, when converted to either FeO or Fe2O3 would yield Fe oxide content 
percentages of 107.7 and 125.4, respectively.  Another high Fe measurement can be found 
from sample Zr5-10D (Figure 23) measurement 06a. However, due to low concentration 
of other elements in the measured spot, the result of 64.85 wt-% would translate a to 
83.4 % pure FeO, putting it in realm of plausible, although unlikely. 
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6.2. Representativeness of data 
The number of samples, 29 FE-SEM maps and 14 EDS-SEM point samples, is not high 
enough to establish robust picture of nodule characteristics from different sample 
collection points. Neither is the sample count high enough to establish credible statistical 
correlations of sample surface bulk elemental compositions. Furthermore, nodules of 
different sizes cannot be directly compared as their structure and Fe-Mn oxide enrichment 
varies depending on the nodule size. Nodule equatorial surface bulk composition was 
measured, but it is not a working approximation for the total chemical composition of the 
nodule due to the anisotropy of the chemical composition and asymmetry of nodule shape. 
 
Samples prepared as thin sections, particularly larger samples PLA15-3H and PLA15-
4H, suffered notable degradation during sample preparation and transportation. While the 
concentration results obtained from these two samples fall roughly in line with results 
from rest of the PLA15 samples, the loss of large fragments in samples likely skews the 
results. The relative uniformity of both structure and elemental composition of PLA15 
samples suggests that the sample series is fairly representative of Fe-Mn nodules of 
3.5–5 mm in size found in the upper Bahe Fm. 
 
Apart from samples Zr5-1H and Zr5-2H, both of which were of larger size (3.6 and 
3.1 mm, respectively), all the Zr5 and Zr7 samples are of smaller size and display 
considerably higher heterogeneity in appearance and Fe and Mn concentrations. This, 
however, is to be expected as these samples represent nodules in earlier steps of the 
nodule formation process where the concentric ring structure is absent or in early stages 
of formation. Due to the sample count, there is no way to assess whether even more 
heterogeneity would be present in significant numbers in both Zr sample series and 
whether any trends of prevailing nodule elemental compositions could arise. As Zr5-1H 
and Zr5-2H were the only available samples of larger size, it is not prudent to suggest that 
they are wholly representative, even though observations in larger PLA15 samples 
suggest that longer formation times and increased nodule maturity increases 
compositional homogeneity.  
 
The EDS-SEM point measurements are limited in number. The measurement points were 
chosen under SEM imaging with aim of capturing the composition of phases discernible 
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under SEM imaging. Instrument time permitting, a more continuous line would yield 
more consistent data of nodule element distribution. The limitations of low amount of 
data points is also visible within phases, as most samples have two measurement point 
for each observed phase placed roughly, 50–55 µm from each other. The percentage 
difference of Fe and Mn concentration values measured from neighbouring points varies 
between 0.65–194.5 %.  Due to the very poorly crystalline nature of the nodule material 
it is also impossible to have a line of measurements that represents the entire nodule, as 
major element concentrations vary to a great degree even within few µm and within the 
same internal structural element. Thus, the Fe-Mn elemental distribution is visually best 
represented in FE-SEM imaging. EDS-SEM does provide valuable information of co-
existence and abundance of Fe and Mn oxides in different nodule horizons.  
 
 
6.3. Observations on elemental distribution and structure 
6.3.1. PLA15 
The large size of the samples contributes the increase in structural complexity and 
elemental separation (Gasparatos 2012, Yu et al. 2015, Sipos et al. 2016). The irregularity 
in overall shape and interior structure is likely driven by the anisotropy of the internal 
pore network affecting the distribution of metal translocation from the nodule surface to 
the interior (Yu et al. 2015). The anisotropy of the pore network is likely caused by partial 
clogging by clay minerals (Rhoton et al. 1993) or microscale variations in the soil pore 
space redox settings. 
 
The separation of Fe and Mn is thought to begin during the initial nodule formation with 
both metals being able to precipitate onto the surface of the nodule as oxides. The 
commonly seen high Mn content can be the result of nodule interior conditions being 
more oxidizing during proto-nodule formation (Yu et al. 2015). However, Mn enrichment 
of the nodule interior has been shown to happen after the very initial phases of nodule 
formation (Jien et al. 2010). The pedoenvironmental implication is that the Mn 
impregnation could happen in soil redox settings where the conditions alternate between 
reducing and oxidizing settings for Fe but remain always reducing for Mn as suggested 
by White and Dixon (1996). Sample PLA15-10D lacks the manganese enriched interior, 
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appearing to have a heavily Fe rich interior in FE-SEM imaging. This atypical feature 
could be a result of different initial time frame and redox settings during proto-nodule 
formation, but it would not account for the lack of Mn translocation. However, upon 
inspection of the individual Mn-distribution map (Figure 25), the anisotropic penetration 
of Mn towards the nodule interior could be a result of lower than usual porosity in the 
initial nodule. Lesser porosity prevents Mn translocation towards the interior implying 
that the observed higher Fe/Mn ratio mainly results from the lack of Mn impregnation. 
 
 
Figure 25. FE-SEM Mn-distribution map of sample PLA15-10D 
As the nodule matures, the concentric ring structure starts to grow via precipitation, the 
separation of Fe and Mn becomes more pronounced. The different bands can be 
dominated by the presence of Fe, Mn or both Fe and Mn oxides (Figures 11–16). The 
separation into distinct structural bands is largely driven by the soil Eh changes, with 
slow, large magnitude changes in the soil redox state promoting higher differentiation 
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(Sipos et al. 2016). Fe precipitation window is in lower redox potential soil environment 
where Mn will not yet precipitate. The widening of the Fe band then requires the Eh 
settings to fluctuate mainly near the wet, low redox potential conditions (Yu et al. 2020). 
The higher redox potential window is where Mn precipitates over previously precipitated 
Fe oxides. Likewise, thickening of the Mn band is implicative of prolonged periods of 
soil redox state fluctuating in higher redox potential i.e. dryer conditions (Yu et al. 2020). 
 
Most Fe bands host some measure of Mn, which is likely result of Mn(II) ions 
translocation through the nodule pore network as Fe precipitation takes place (White and 
Dixon 1996). However, present in many samples are bands where both Fe and Mn have 
precipitated in large quantities. Co-precipitation takes place during rapid increase of the 
redox potential meaning that the thickening of the co-precipitated band is indicative of 
rapid and repetitive large-scale fluctuations of the soil redox state (Yu et al. 2020). 
 
Using this approach, it is possible to distinguish separate growth phases where different 
redox conditions prevail. Although the accuracy is limited by number of EDS-SEM data 
points and most importantly lack of pore fill data, five different growth phases can be 
identified from the sample PLA15-2H (Figure 26): 
 
1) Mn enriched nodule interior, where the proto-nodule pore network is enriched in Mn 
due to the higher redox potential of the nodule interior.  
2) Phase marked by relatively slowly changing soil redox conditions, allowing the 
precipitation of either Fe in wet, low redox potential conditions and Mn in dryer settings. 
Prolonged Fe precipitation windows are marked with Mn-ion translocation towards 
higher Eh conditions in the nodule through radial pore channels.  
3) A phase during which the frequency and amplitude of the changes in soil redox settings 
is increased. While there are heavily Fe and Mn enriched spots in this band, the generally 
low enrichment of Fe and Mn suggests increased co-precipitation resulting lesser pore 
filling by free ions during rapid precipitation. 
4) A prolonged phase of Fe precipitation in low redox potential. A thick, Fe rich band is 
marked with Mn pore fillings indicative of conditions where Mn-ions remain mobile in 
the soil solution and only precipitate in the soil pore network. 
5) A distinct Mn rich crustal layer that has started to separate from the rest of the nodule. 
Precipitation takes place in higher redox conditions.  
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Figure 26. FE-SEM Fe-Mn map of PLA15-2H with interpreted growth phases. 1) Mn enriched nodule interior. 2) 
Relatively slowly changing redox conditions, where thicker successive bands of Fe and Mn oxides precipitate. 3) Rapid 
large-scale fluctuations of the soil redox state leading to precipitation of both Fe and Mn oxides 4) Prolonged, low 
redox potential Fe precipitation. 5) Mn rich crustal layer. Radial Mn pore fillings precipitated during Fe precipitation 
window in phases 2 and 4 and separation of crustal coating marked with arrows. 
The crustal layer is clearly visible under SEM imaging in most PLA15 samples and is 
often rich in Mn (Figures 6–7). While the crustal layer commonly hosts some Fe, the 
prominent goethite coating typically associated with many types of pedogenic Fe-Mn 
nodules is not present (Vodyanitskii 2006). The separation of crustal band from the rest 
of the nodule can be a result of exfoliation during nodule metal enrichment process 
(Figure 27, Sipos et al. 2016). According to Sipos et al. (2016), exfoliation happens as the 
outer coating band is subjected to more reductive settings and ions are rapidly transported 
from the coating to the nodule interior with pore water. However, most nodules from 
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floodplain deposits studied by Sipos et al. (2016) largely lack the concentric ring structure 
seen in upper Bahe Fm nodules and consist only of Mn rich interior and Fe rich exterior. 
The crust separation is not present between any of the interior structural rings in any of 
the studied samples in upper Bahe Fm. Furthermore, the high Mn enrichment observed 
in the PLA15 samples does not directly support particularly rapid enrichment described 
by Sipos et al. (2016) as increased enrichment can be considered indicative of slower 
redox changes over a longer time (Yu et al. 2020). 
 
 
Figure 27. SEM montage image of the sample PLA15-8D. Visible are Si rich fragments in the nodule interior and 
exterior parts and the separation of the crustal layer. 
It is possible, that the separation of the crust may be promoted by the tension of the 
swelling of clay minerals underside the crust (Sipos et al. 2016). There is evidence of the 
clay mineral content of the nodules influencing significantly the size of the nodules by 
Crustal coating 
separation 
Siliceous primary soil 
mineral fragments 
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affecting the porosity and compactness of the nodule (Jien et al. 2010) and thus limiting 
the translocation of cementing metals via the nodule pore network. 
 
It is also possible that the microfractures observed are a result of nodule formation 
ceasing. As precipitation of Mn takes place in higher redox states, Mn is typically 
dissolved and translocated from the surface towards the nodule interior where the 
conditions are less reductive allowing Mn to act as cement (Huang et al. 2008, Sipos et 
al. 2016). It then stands to reason that if more reductive conditions are not met for 
prolonged periods after initial crust precipitation, Mn cannot translocate towards the 
interior and act as cement in the pore spaces between the precipitated crust and the inner 
rings.  
 
Samples PLA15-1H and PLA15-4H have a distinct distribution of Fe and Mn oxides. 
Lacking the concentric ring structure (Figure 28), they are mottled in appearance with 
irregular and blotchy distribution of oxides (1H) or almost channelized, radial expression 
(4H). Both samples lack the outer coating layer present in other samples of larger size.  
This form, where Mn is present mainly as crack and void fillings is the result of prolonged 
stay at the Fe precipitation window where Mn remains mobile (White and Dixon 1996) 
and can continue if the outer crust does not coat the nodule surface (Sipos et al. 2016).  
 
 
Figure 28. Samples PLA15-1H (A) and PLA15-4H (B) in FE-SEM image. Both samples lack the distinct crustal coating 
present in other PLA15 samples. 
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It has been suggested, that local lack of soil Mn, possibly due to Mn scavenging 
neighbouring nodules, during initial nodule formation can lead to poorly cemented, high 
Fe/Mn ratio nodules (Schwertmann and Fanning 1976). Later on, these Fe rich nodules 
can be impregnated with Mn through the nodule pore network (White and Dixon 1996). 
I suggest this, in combination with the lack of crustal coating, is the case with samples 
PLA15-1H and PLA15-4H.   
 
FE-SEM identified minor amounts of Mo in samples 1H and 7D, 0.4 wt-% Pb in 4H and 
minor amounts of V in both 1H and 4H. Sample 9D contains substantial amounts of P, an 
element known to potentially be absorbed to pedogenic ferromanganese nodules via 
biotic processes (Table 2, Gasparatos et al. 2019). EDS-SEM results (Appendix A) reveal 
a spot in sample PLA15-8D, highly enriched in both Fe and Mn (41.00 and 36.00 wt-%, 
respectively) with 3.42 wt-% of Cu. While FE-SEM was not used to determine the phase 
association of Cu, organic fraction has been considered the most important carrier of Cu 
(Salomons et al. 1987) in soils and the theoretical association should be with Fe in nodules 
(McKenzie 1980). Based on EDS-SEM point analysis, other minor elements that 
commonly associate with higher Fe content in the PLA15 sample series include Ti, V and 
P (Appendix A). 
 
Minor amounts of S are observed in several samples with wt-% ranging between 0.1–0.2. 
The role of S in Fe-Mn nodules is poorly studied. Even though soil S is by and large 
organically bounded (Eriksen et al. 1998), it is not known whether S in Fe-Mn nodules is 
purely trapped soil S or whether micro-organisms inside the nodule could make a 
measurable contribution to the amount of S present in the nodule. In EDS-SEM point 
measurements, S appears to correlate with elevated Fe content (Appendix A). 
 
6.3.2. Zr7 
The textural immaturity defies any reliable use of the development phase interpretation 
by Yu et al. (2020), but the spatially fairly evenly separated and, compared to the small 
nodule size, wide Mn rich rings could imply decreased frequency of change in the 
dominant redox settings, with Mn precipitation happening mostly during periods of 
increased soil redox potential. The relative scarcity of radial crack and void Mn 
cementation also suggest primarily direct Mn precipitation with only minor amounts of 
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Mn translocation through nodule network. However, this could be due to the immaturity 
of the nodules, as clear evidence of metal translocation can be seen in sample 6D that 
contains anomalously well enriched zones in a somewhat structureless nodule.  
 
Anomalous among the trend of poorly enriched Fe-Mn nodules in the sample series is the 
sample Zr7-2H resembling heavily the sample PLA15-4H. The sample 2H is again 
marked by heavy Mn enrichment in radial void fillings and irregular shape. The presence 
of a more heavily enriched, highly hydromorphic sample serves as further evidence of the 
nodule possibly responding to microscale variations in redox settings and initial metal 
availability.  
 
Both Si and Al are relatively abundant in the sample series (Table 3), while only very 
small primary Si rich soil mineral fragments are present, the largest mineral fragments, 
being Fe-heavy, are presumably micas. The appearance of mica fragments into the 
nodules reflects changing formation environment to one where micas are prevalent, but 
it has connotations for nodule formation as well. Fe-Mn bearing micas are known to act 
as sources of metals for proto-nodule formation, and the various weathering products like 
vermiculite are known to further leach Fe ions for nodule uptake (Šegvić et al. 2018). 
However, the abundance of other clay minerals reflected by the relatively high Al content 
(Table 3) could affect the overall compactness (Rhoton et al. 1993) and thus prevent metal 
translocation within the nodule potentially inhibiting Fe and Mn enrichment.  
 
No heavy metals were measured in any of the Zr7 samples by either FE-SEM or EDS-
SEM point analysis (Table 3, Appendix A). S was present in all but one sample. It is 
noteworthy, however, that the overall poor enrichment of Fe and Mn might promote the 
mass fraction-based appearance of S in the compositional table.  
 
6.3.3. Zr5 
The Zr5 sample series is the most heterogenous of all the sample series in both structure 
and elemental composition. Two larger samples (> 3 mm, samples 1H and 2H) and 
several smaller nodules display effectively the difference between samples at different 
stage of development even within the same paleosol unit. Two largest samples have 
distinct concentric ring structure with well-defined Fe-Mn distribution (Figure 9). Sample 
57 
2H has an Mn enriched interior (Figure 19), while the interior of 1H is relatively poor in 
both Fe and Mn (Figure 18) but rich in Al (Appendix A). The heavy Mn presence outside 
the poorly enriched nodule interior in the sample 1H gives credence to the notion of clay 
minerals affecting the effective porosity for metal translocation. The primary soil mineral 
fragments, judging by the chemical composition, appear to be both abundant and siliceous 
in sample 1H and a combination of smaller siliceous fragments and micas in sample 2H.   
 
Fe is mainly located in the central rings of the sample 1H (Figure 18) and on the outer 
rings of the sample 2H (Figure 19). Sample 2H is much less Fe-Mn enriched but continues 
to have evenly distributed Mn rich bands between Mn poor bands. 2H however, has a 
much thicker Fe-heavy band, with minor, unevenly distributed Mn-heavy bands. Using 
the model by Yu et al. (2015, 2020), a prolonged stay at the Fe precipitation window 
would precipitate the thick Fe band, while the thin Mn bands are a result of relatively 
brief periods of more oxidizing soil conditions. The irregularity of the Mn bands suggests 
also redissolution and translocation as nodule surface is exposed to more reductive 
conditions. However, unlike the upper Bahe Fm samples, nodules from Lantian Fm lack 
the prevalent, radial Mn rich pore fill channels indicate lesser duration of the lower Eh Fe 
precipitation window where Mn remains mobile (White and Dixon 1996). No separation 
of the crustal coating band is observable in Zr5 samples of any size. Mn presence in the 
outer coating appears to be tied to the nodule size, with smaller nodules commonly having 
more Fe rich surface, possibly due to most Mn being translocated towards the nodule 
interior.  
 
The expression of the samples 1H and 2H suggest that it is possible  the measurements 
6–15 (Figure 18) in sample 1H correspond fairly well with all the measurements of the 
sample 2H (Figure 19). Both samples share a fairly similar expression, where the nodule 
interior is high in Mn, but towards the exterior the Mn content dissipates and Fe content 
increases. Mn is present as mainly thinner bands and as very modest pore fills in the mid-
nodule, suggesting enhanced co-deposition due to rapidly altering soil redox conditions 
(Yu et al. 2020). Sample 1H possesses a large, Mn rich outer layer that is not yet 
developed on the sample 2H. All in all, the general expression of 2H and the interior of 
1H largely resemble that of phase 3 in the growth phase model of sample PLA15-2H 
(Figure 26).  
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The formation and enrichment rate are highly dependable on the porosity (Yu et al. 2015) 
and information about the amount of pore fill and the lack thereof would be needed to 
differentiate between co-precipitation of Fe and Mn and pore space filling with Mn. 
Likewise, the porosity information would be necessary to estimate the effects of maturity 
between two differently sized samples. If higher degree of porosity is observed in the 
central bands of sample 2H, it would suggest that the nodule is still maturing and that the 
observations are not comparable.  
 
Smaller samples of the Zr5 bear striking similarity to samples of similar size from the 
series Zr7. All are poorly enriched and have a relatively even spread of Fe compared to 
Mn (Figure 29).  The interpretational model of Yu et al. (2020) is not readily applicable 
to samples with somewhat stable Fe precipitation, but the thickness of the Mn bands 
suggests a prolonged period of increased soil redox potential.   
 
 
Figure 29. Side-by-side comparison of Fe and Mn distribution in the sample Zr5-6H. 
It is notable, that most of the samples in the series contained no S (Table 4). This 
observation is suspect due to S being present in only the four thick section samples and 
missing from the thin section samples. However, Zr5-H samples suffered very little 
degradation and S has been present in both thin and thick section samples in both Zr7 and 
PLA15. This could possibly suggest soil S depravation through plant uptake, known to 
take place in light soils with thick vegetative coverage (Eriksen et al. 1998). 
 
Sample Zr5-8D is anomalously rich in Fe, having the highest Fe content of all samples 
studied (16.1 wt-%). Mn is present only as crack and void fillings. The explanation for 
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such a high Fe content is not known, but could, speculatively speaking, result from 
microscale variation in the soil metal availability and redox conditions. Sample 8D 
contains also V that is strongly associated with Fe in PLA15 samples as well as S, most 
commonly associated with Fe in all samples (Appendix A). It is also the only sample in 
the series with any heavy metals detected with FE-SEM or EDS-SEM (Table 4, 
Appendix A). 
 
 
6.4. Depositional environment and climate 
All nodules have different formation times leading to different degrees of nodule fabric 
maturity. Nodule size and the number of concentric ring bands directly correlates with 
the amount of paleosol redox history recorded in the nodule (Yu et al. 2015). While the 
samples of different sizes are products of the same environment, the distribution of 
elements cannot be directly compared, as nodule maturation increases both elemental and 
structural differentiation. Hence, as the timeline of observed redox state changes in nodule 
fabric and age of nodules cannot be directly compared between nodules even within the 
same layer, information extraction must happen via trend observations and identification 
of different phases.  Comparing nodules from different depositional environments poses 
even larger obstacles. In addition to the possible changes in soil chemical composition 
(mineral content and metal availability, grain size, porosity), one would have to also have 
a working estimate of the paleosol pH (Negra et al. 2005, Cornu et al. 2009, Szymański 
and Skiba 2013). Most importantly, however, the main drivers of soil redox state changes 
must be comparable.  
 
PLA15 samples originate from a layer of floodplain sediments and while the amount of 
flooding and fluvial influence in the soil is certainly tied to precipitation, the expected 
flooding of the environment exposes nodules to highly reductive conditions that enhances 
the mobility of various metals depending on pH settings (Frohne et al. 2011).  PLA15 
samples from the upper Bahe Fm have, on average, the highest concentration of Fe in all 
the samples as well as highest concentrations of heavy metals. Water saturation during 
flooding changes the soil environment from aerobic to anaerobic for extended periods 
and the soil environment goes through many, often biologically catalysed reactions such 
as denitrification, Mn(IV) reduction, Fe(III) reduction, SO4(-II) reduction and 
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methanogenesis (Patrick and Jugsujinda 1992). Heavily anaerobic conditions ensure the 
wide availability of metal cations and the prolonged, low Eh conditions allow for 
precipitation of high amounts of Fe as well as extensive Mn translocation via the nodule 
pore network (Yu et al. 2015). 
 
These are features that can be tied to nodule formation taking place either in just above 
or at the highly redox sensitive oxic-anoxic interface layer (Salomons et al. 1987). The 
anoxic layer and overlaying oxic-anoxic interface layer may play a significant role in the 
upwards flux of heavy metals from the anoxic zone to the interface layer, where metals 
are trapped via inclusion in precipitates or to the oxic zones, where heavy metals may be 
trapped to Fe and Mn oxides via sorption (Du Laing et al. 2009). This, in conjunction 
with the increased Fe and Mn enrichment, could contribute the observed higher heavy 
metal concentrations in the samples. 
 
While the poor drainage of low oxygen water from above the dense subsoil typical to 
stagnasols (IUSS WG WRB 2015) gives ample time window for Fe precipitation and Mn 
translocation in lower Eh conditions, the height of the oxic-anoxic interface layer is 
subject to change with time in the soil profile (Du Laing et al. 2007). The implication is 
that the precipitation signal present in floodplain Fe-Mn nodules is further obfuscated by 
the changes in the water table and drainage rates affecting the location of the oxic-anoxic 
interface layer. Furthermore, the possibility of PLA15 samples not being internally 
consistent in regard to the redox signal cannot be ruled out due to the long formation times 
of nodules. During periods of minor or non-flooding, the nodule formation may be more 
affected by direct precipitation. Shifting of the river channel can also affect nodule 
formation, as floodplain soil pH has been shown to increase with distance to the flooding 
river (Pahlavan-Rad and Akbarimoghaddam 2018). Dissolution of Fe in various Eh 
settings is controlled by pH, with dissolution happening in far less reductive settings as 
pH approaches neutrality (Frohne et al. 2011). 
 
I propose that the formation of the redoximorphic features in the PLA15 nodules from 
upper Bahe Fm is primarily governed by changes in the flooding regime and soil oxic-
anoxic interface depth, and that the increased hydromorphism is not directly due to higher 
precipitation. The Mn rich outer layers of the nodules imply that the formation possibly 
ended as Fe reductive conditions became less frequent as flooding regime subsided. It is 
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possible that the relative influence of flooding and direct meteoric precipitation has varied 
during nodule formation, leading to the observed changes in the Fe-Mn precipitation 
regime. The high amount of Mn crack and void fills present in PLA15 samples also 
suggest larger biotic component enhancing the nodule Fe-Mn enrichment and highlights 
the needs for measuring the carbon content of nodules to better estimate the amount of 
biotic enrichment.  
 
Zr5 and Zr7 samples pose some potential for cross correlation. Nodules of the same size 
are remarkably similar in both structure and chemical composition and have been 
collected from similar soil elements. Both sample series host Fe rich, presumably mica 
fragments typical to ‘Red Clay’ sediments (Hu et al. 2009). The similarity of appearance 
suggest similar pathways of formation, meaning both sample series likely have had some 
influence from weathering of micas and leaching from mica weathering products (Šegvić 
et al. 2018). The fluvial overprint present in the sedimentological characteristics of 
topmost Bahe Fm does not appear to differentiate nodules from those of the eolian 
deposits in Lantian Fm, although fluvial contribution to the soil redox regime cannot be 
ruled out, especially due to the presence of highly hydromorphic sample Zr7-2H.  
 
The soil redox state changes of both Zr series of samples are likely driven primarily by 
changes in precipitation and as such, they also pose the highest potential to estimate 
differences in precipitation during their respective times of formation. The interpretation 
is, however, stymied by the lack of information present in Zr7 samples. As no nodules of 
larger size were available, the samples contain little information on the changes and the 
possible ultimate expression of the nodules. All nodules of both Zr series suggest 
relatively low magnitude but higher frequency variance in prevailing soil redox 
conditions. This is in agreement with soil redox conditions being primarily controlled by 
meteoric precipitation. However, due to the lack of nodule porosity data, it is impossible 
to reliably differentiate between co-precipitation of rapidly alternating redox settings and 
higher frequency altering of the dominant precipitation windows.  
 
The possibility of other variables existing between samples Zr5 and Zr7 has to also be 
considered. Red clay ultisols are typically acidic with a pH of ~5 (Xu et al. 2012, IUSS 
WG WRB, 2015) due to the leaching of carbonates by precipitation. Zr5 samples have 
been collected under a thick caliche layer, whereas no such layer is present at the topmost 
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Bahe Fm sediments, however, the strata does bear carbonates not visible to the naked eye 
(Kaakinen, personal comm. 2020). The caliche layer is indicative of very high 
precipitation, but its effect to the soil pH in Lantian study area and thus the Eh required 
for Fe dissolution is not known. However, the late dating of the caliche layer to the 
Pliocene–Pleistocene boundary (Kaakinen, personal comm. 2020) suggest reduced rates 
of eolian sediment deposition, which has the potential to greatly prolong the formation 
times of the nodules from Lantian Fm, thus potentially being the cause of increased 
hydromorphism in the larger Zr5 samples. The effects caused by differences in vegetation 
coverage are also not known. The lesser prevalence of S in Zr5 compared Zr7 samples 
could suggest higher S uptake by vegetation during formation of Zr5 nodules.  
 
Speculatively, the relatively even Fe distribution and poorly enriched Mn bearing bands 
of smaller Fe-Mn nodules from the Bahe Fm and the Lantian Fm could be an expression 
typical to early-development nodules in Fe abundant ‘Red Clay’ sediments and that the 
lack of larger nodules in the topmost Bahe Fm is indeed indicative of either lesser 
precipitation or lesser duration of increased precipitation. Yu and Lu (2016) described 
Fe-Mn nodules from Quaternary red earth sections in Eastern China that show an 
abundance of hydromorphic features in very large nodules, much like the larger nodules 
found in Lantian Fm. These nodules were formed roughly 1 060 km SE of Lantian where 
climate is both warmer and more humid (Yu and Lu 2016). Then the lack of large nodules 
with well matured hydromorphic features in topmost Bahe Fm sediments could be a result 
of the relative rarity of precipitation induced redox states suitable for nodule 
development.  
 
The appearance of eolian sediments implicate a major turnover in the depositional regime 
during the time of formation of the topmost Bahe Fm nodules. The EASM begun to 
intensify after 8 Ma (Ding et al. 2001, An et al. 2001, Guo et al. 2002, Zhao et al. 2020) 
and coincided with the beginning of ‘Red Clay’ deposition (An et al. 2001, Guo et al. 
2002). All these events roughly coincide with the formation of the Zr7 series of samples. 
Although highly speculative and subject to change if more developed nodules from the 
strata are discovered, the lack of hydromorphic features could imply either shorter 
formation time or lesser precipitation compared to the more modern sample series from 
in the Lantian Fm. The EASM intensity reconstructions largely consider the time period 
63 
of 7.7 Ma to have increased in monsoon intensity compared to 14–8 Ma ago, but still 
lesser than during Late Pliocene (Wang et al. 2019).  
 
During the formation of Zr5 samples, some 3.7 Ma ago, further intensification of the 
EASM took place. The exact timing of this intensification is unclear, with estimates 
ranging between 3.6 Ma (An et al. 2001) and 4.1 Ma (Wang et al. 2019). The presence of 
the thick caliche layer just above the location of the Lantian Fm nodules is direct evidence 
of intense precipitation and evaporation, so the increase of hydromorphic features in Fe-
Mn nodules correlates well with both the carbonate features of the soil as well as the time 
frame of the EASM intensification.  
 
 
6.5. Use of Fe-Mn nodules as paleoclimatic indicators  
In 2001, Stiles et al. showed a very promising positive correlation between the total Fe 
content (FeTOT) of ferromanganese nodules and mean annual precipitation (MAP). An 
inverse and more subdued trend was also observed from MnTOT. Regression analysis of 
mean FeTOT versus MAP yielded an equation that was turned into a predictive model to 
solve for MAP from nodule FeTOT that yielded results within 3.5 % of instrumentally 
measured MAP during formation of modern nodules (Stiles et al. 2001). This possible 
paleoprecipitation proxy has not been tested outside of the original study. 
 
While the foundational premise of increased Fe enrichment due to lower soil redox regime 
is sound, the proxy proposed by Stiles et al. (2001) comes with several difficulties and 
uncertainties. It relies on finding contemporary nodules from biogeochemically matching 
soils and does not account for possible changes in soil water chemistry. More importantly, 
the literature (Gasparatos 2012, Yu et al. 2015, Sipos et al. 2016) and the results of this 
study indicate that relative ratios of Fe and Mn enrichment change as the nodule matures. 
Also, the studied nodules of similar size from both floodplain deposits and eolian 
deposits, with likely very different redox regimens, have strikingly similar chemical 
compositions. This does not rule out the possibility of the proxy being viable, but it should 
be tested in further studies by using nodules of various size classes and similar enrichment 
factors from several, precipitation controlled modern redoximorphic soils where rates of 
precipitation during time of formation can be more accurately estimated.  
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Nodules that are formed in soil environments where meteoric precipitation is the only 
driver of soil redox state changes pose the largest potential for paleoclimatological 
analysis. Currently the formation model by Yu et al. (2020) is largely limited to observing 
the rate of changes in dominant redox settings during the loosely defined time frame of 
nodule formation and is only applicable to large, texturally mature nodules. The model 
cannot be reliably implemented without information on the nodule internal porosity, 
surrounding soil matrix composition and nodule mineral composition that can distinguish 
between wider soil redox-induced precipitation and mineral effects on local precipitation 
(Schwertmann and Taylor 1989, Krishnamurti and Huang 1998).   
 
It is possible, that even within precipitation controlled redoximorphic soils, the variance 
in depositional conditions and sub-environments will prevent reliable cross correlation of 
nodules from different time periods. The uncertainty caused by changing rates of 
deposition poses to significantly affect the ultimate expression present in the nodules.  
 
Relatively little is also known about redox conditions and redox gradient within the 
nodule. Yu et al. (2015) take an approach that the nodule acts as a nucleus of high redox 
potential due to the kinetic resistance to reducibility, soliciting surface precipitation of Fe 
and Mn ions. This model supposes that reduction and redissolution of nodule oxides only 
takes place at the surface of the nodule as it is exposed to more reductive conditions. 
Porosity observations can thus be used to estimate the amount of metal translocation 
towards the nodule interior. However, as total lack of porosity is seldom observed (Yu et 
al. 2015) it may be that apart from Mn pore fill during Fe-precipitation conditions, the 
entropy reduction in the nodule interior is almost entirely biologically mediated (Tebo et 
al. 2004, Timofeeva et al. 2014) and that the purely abiotic translocation of metals only 
takes place within the very surface of the nodule. Thus, without a working understanding 
on the dynamics and spatial extent of the possible redox gradient as well as the controls 
and spatial extent of biotic processes, differentiation between nodule final expression and 
a nodule that is still in the process of maturing remains problematic. 
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7. CONCLUSIONS 
The studied Fe-Mn nodules from three different time windows (8.07 Ma, 7.7 Ma and 
3.7 Ma) show degrees of hydromorphism and differing elemental composition. 
Observations made using FE-SEM elemental mapping and EDS-SEM point analysis can 
be used to estimate the formation history of the nodules, but the uncertainty is high due 
to the lack of nodule porosity and mineralogical data. The structure and chemical 
composition of the nodule is heavily impacted by the local depositional environment.  
 
The oldest samples from floodplain sediments of the Bahe Fm are highly Fe and Mn 
enriched and display apparent changes in the dominant soil redox state. However, these 
nodules are likely mainly influenced by the flooding regime and the highly reductive 
settings of floodplain soils and cannot be directly compared to nodules from other 
depositional environments to reconstruct changes in precipitation.  
 
Samples from partly eolian deposits in topmost Bahe Fm and purely eolian deposits in 
Lantian Fm have mostly very similar chemical composition and structure, but the older 
Bahe Fm nodules lack larger samples with well-developed hydromorphic structure. 
Sample observations imply changes of higher frequency but lesser magnitude in the soil 
redox regime. The formation of both nodule horizons roughly coincides with periods of 
monsoon intensification and the increased hydromorphism in the more modern Lantian 
samples could be explained by higher precipitation. However, the uncertain effects of the 
fluvial overprint on the topmost Bahe Fm nodule formation and the possibly greatly 
reduced rate of sedimentation during the late Lantian Fm deposition can greatly affect the 
nodule expression and prevent direct comparison between the two series of samples. 
 
The potential to cross-correlate Fe-Mn nodules from the eolian sediment horizons exists 
but is limited by the aforementioned uncertainties and small sample count from the 
topmost Bahe Fm sediments. Greatly increasing the sample count from topmost Bahe Fm 
and adding, if possible, larger samples would be necessary for the attempt to be viable. 
The samples should be strictly controlled by soil matrix chemical composition, sediment 
deposition rates and separated into comparable size groups. The internal porosity and 
mineralogical structure should be mapped to reduce uncertainty and assist interpretation. 
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For Fe-Mn nodules to mature into a reliable tool of paleoclimatic analysis, more robust 
information about nodules from different settings and in different points of formation is 
needed. While most studies take into accord the surrounding soil environment, a 
comprehensive review of nodule features and formation settings would have the potential 
to shed new light on Fe-Mn nodule based paleosol redox reconstructions. Every nodule 
should be described by their pedogenic environment, enrichment factor in regard to host 
soil, estimated or measured precipitation, nodule porosity and both bulk and structural 
elemental composition including C, S and P to reliably compare formation of nodules in 
different settings. 
 
 
8. ACKNOWLEDGMENTS 
I would like to thank my supervisors Anu Kaakinen, Juha Karhu and Joonas Wasiljeff for 
their support and input. Anu Kaakinen for her invaluable knowledge on the 
sedimentology of the CLP and her willingness to answer my questions on any hour. Juha 
Karhu for his attention to geochemistry and ability to focus on relevant questions and 
details. And Joonas Wasiljeff for extensively discussing and trying out different 
measurement techniques with me. I also want to thank the visual standard bearer of this 
thesis, Piritta Stark, whose input improved the aesthetics of this work.  Lastly, I want to 
thank the internet for being full of pictures of sailing boats.   
67 
9. REFERENCES 
Aide, M. 2005. Elemental Composition of Soil Nodules from Two Alfisols on an Alluvial Terrace 
in Missouri. Soil Science, 170, 1022–1033, doi: 10.1097/01.ss.0000187351.16740.55 
AM Online Projects 2020. Climate Data for Cities Worldwide. AM Online Projects. Visited on 
15.4.2020 https://en.climate-data.org/ 
An, Z., Kutzbach, J.E., Prell, W.L. and Porter, S.C. 2001. Evolution of Asian Monsoons and 
Phased Uplift of the Himalaya-Tibetan Plateau Since Late Miocene Times. Nature, 411, 
62–66, doi: 10.1038/35075035 
An, Z., Huang, Y., Liu, W., Guo, Z., Clemens, S., Li, L., Prell, W., Ning, Y., Cai, Y., Zhou, W., 
Lin, B., Zhang, Q., Cao, Y., Qiang, X., Chang, H. and Wu, Z. 2005. Multiple Expansions of 
C4 plant Biomass in East Asia Since 7 Ma Coupled with Strengthened Monsoon Circulation. 
Geology, 33, 705–708, doi: 10.1130/G21423.1 
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APPENDIX A: EDS-SEM POINT MEASUREMENTS 
 
Sample: PLA15-1H 10.10.2019 13:51:56 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si P Cl K Ca Ti Mn Fe Total 
               
Spectrum 42a Yes 59.68   0.19 39.39      0.34 0.40 100.00 
Spectrum42b Yes 39.43  0.96 4.58 21.32   0.38 0.73 0.56 3.80 28.24 100.00 
Spectrum 43a Yes 53.08  1.36 7.36 17.11   1.74 0.54 0.28 2.23 16.31 100.00 
Spectrum 43b Yes 52.05  0.72 2.84 5.35 0.24 0.18 0.48 0.60 0.38 5.61 31.55 100.00 
Spectrum 44a Yes 60.99 0.32 0.71 3.87 22.85  0.13 0.78 0.28  0.67 9.40 100.00 
Spectrum 44b Yes 60.24  0.36 2.30 31.48   0.71   0.55 4.36 100.00 
Spectrum 45a Yes 57.76  0.76 7.78 11.79 0.15  2.06 0.62 0.28 8.45 10.34 100.00 
Spectrum 45b Yes 70.02   2.98 6.32  9.92     10.75 100.00 
Spectrum 46a Yes 45.07  0.64 4.74 22.09  1.75 1.49 0.49 1.01 1.18 21.54 100.00 
Spectrum 46b Yes 13.17  0.52 4.01 11.85   3.29 1.62 0.73 2.32 62.50 100.00 
Spectrum 47a Yes 60.69  0.20 1.04 33.60   0.42 0.20  2.04 1.80 100.00 
Spectrum 47b Yes 42.47  0.93 5.31 12.02 0.28 0.43 1.11 0.55 0.32 1.95 34.62 100.00 
Spectrum 48a Yes 41.87  0.61 4.56 10.92 0.26  1.39 0.64 0.45 6.84 32.46 100.00 
Spectrum 48b Yes 48.09  1.10 6.90 14.87 0.22  1.90 0.62 0.36 1.33 24.60 100.00 
               
Max.  70.02 0.32 1.36 7.78 39.39 0.28 9.92 3.29 1.62 1.01 8.45 62.50  
Min.  13.17 0.32 0.20 0.19 5.35 0.15 0.13 0.38 0.20 0.28 0.34 0.40  
 
All results in weight% 
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Sample: PLA15-1H 10.10.2019 13:57:09 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O F Na Mg Al Si P Cl K Ca Ti Mn Fe Ba Total 
 
Spectrum 49a Yes 49.51  5.26 0.23 6.76 24.10  0.24 0.54 0.46  0.56 12.33  100.00 
Spectrum 49b Yes 49.30   0.97 5.42 11.47 0.26  1.15 0.54 0.25 2.91 27.73  100.00 
Spectrum 50a Yes 48.46   1.52 6.67 14.85 0.18  2.06 0.63 0.44 7.07 18.15  100.00 
Spectrum 50b Yes 46.21 0.00  0.76 2.61 7.23   0.79 0.80  24.35 13.95 3.31 100.00 
Spectrum 51a Yes 37.81   0.43 1.92 12.67 0.24  0.56 1.22  24.44 18.68 2.03 100.00 
Spectrum 51b Yes 63.16    0.60 35.25   0.20   0.39 0.40  100.00 
Spectrum 52a Yes 43.54   0.87 5.67 12.41 0.20  1.55 1.27 0.42 9.14 24.94  100.00 
Spectrum 52b Yes 43.31  0.58 1.03 6.13 19.55  0.50 1.95 0.74 0.43 8.32 17.45  100.00 
Spectrum 53a Yes 48.20   1.03 5.74 16.92 0.19  1.96 0.58 0.38 2.32 22.67  100.00 
Spectrum 53b Yes 48.38   1.17 7.23 17.40   2.63 0.64 0.45 2.89 19.21  100.00 
Spectrum54a Yes 51.79   1.27 6.58 14.34 0.17  2.32 0.63 0.41 6.48 16.02  100.00 
Spectrum 54b Yes 50.42   0.83 4.52 16.05   1.36 0.62  16.44 6.63 3.13 100.00 
                 
Max.  63.16 0.00 5.26 1.52 7.23 35.25 0.26 0.50 2.63 1.27 0.45 24.44 27.73 3.31  
Min.  37.81 0.00 0.58 0.23 0.60 7.23 0.17 0.24 0.20 0.46 0.25 0.39 0.40 2.03  
 
All results in weight% 
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Sample: PLA15-2H 10.10.2019 13:40:56 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Mg Al Si P Cl K Ca Ti Mn Fe Ba Total 
               
Spectrum 190a Yes 57.89 0.93 6.98 18.32   2.27 0.24  0.52 12.84  100.00 
Spectrum 190b Yes 56.24 1.32 6.16 15.62   1.57 0.39  2.71 15.60 0.40 100.00 
Spectrum 191a Yes 55.40 1.28 6.78 16.55  1.18 1.55 1.01 0.61 8.09 7.57  100.00 
Spectrum 191b Yes 60.43 1.52 5.08 17.24  1.45 0.46 1.35  5.35 7.12  100.00 
Spectrum 192a Yes 59.87 0.28 1.00 33.52   0.29 0.35  2.37 2.33  100.00 
Spectrum 192b Yes 40.24 0.64 2.66 16.34 0.24  0.64 0.55 0.58 9.29 28.81  100.00 
Spectrum 193a Yes 49.99 1.08 6.64 13.86   2.15 0.54 0.36 1.22 24.16  100.00 
Spectrum 193b Yes 35.11 1.53 7.05 10.85   1.35 0.74 0.46 2.46 40.45  100.00 
Spectrum 194a Yes 58.92 1.40 6.97 15.62   2.23 0.75 0.41 5.28 8.41  100.00 
Spectrum 194b Yes 7.92  1.13 5.57   0.90 1.77 0.99 36.88 39.58 5.25 100.00 
Spectrum 195a Yes 18.78  1.35 4.58   2.71   29.37 37.97 5.24 100.00 
Spectrum 195b Yes 54.32 1.33 4.56 16.54   1.11 0.49  11.32 8.13 2.19 100.00 
Spectrum 196a Yes 54.19 1.06 4.22 19.63   1.59 0.47 0.53 9.06 7.71 1.54 100.00 
Spectrum 196b Yes 52.70 0.76 3.80 14.29   0.84 0.58  18.98 3.91 4.14 100.00 
               
Max.  60.43 1.53 7.05 33.52 0.24 1.45 2.71 1.77 0.99 36.88 40.45 5.25  
Min.  7.92 0.28 1.00 4.58 0.24 1.18 0.29 0.24 0.36 0.52 2.33 0.40  
 
All results in weight% 
 
 
  
77 
Sample: PLA15-2H 10.10.2019 13:43:48 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si K Ca Ti Mn Fe Ba Total 
              
Spectrum 197a Yes 47.99 0.86 1.21 6.23 16.29 1.87 0.59 0.40 5.68 18.87  100.00 
Spectrum 197b Yes 49.24  1.19 9.53 16.60 3.24 1.95 0.26 1.04 16.94  100.00 
Spectrum 198a Yes 42.92 0.68 0.45 1.44 3.20 0.21 0.49  40.78 1.04 8.79 100.00 
Spectrum 198b Yes 54.30  0.21 1.22 25.72 0.75 0.21  13.77 0.90 2.93 100.00 
Spectrum199a Yes 57.95 7.23  8.24 26.59       100.00 
Spectrum 199b Yes 10.51 0.42 0.33 1.28 4.19 0.49 0.77  60.74 11.37 9.89 100.00 
              
Max.  57.95 7.23 1.21 9.53 26.59 3.24 1.95 0.40 60.74 18.87 9.89  
Min.  10.51 0.42 0.21 1.22 3.20 0.21 0.21 0.26 1.04 0.90 2.93  
 
All results in weight% 
 
  
78 
Sample: PLA15-5D 10.10.2019 12:14:07 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si K Ca Ti Mn Fe Ba Total 
              
Spectrum 134a Yes 38.09  0.80 1.79 3.11 0.66 0.45  43.28 2.52 9.30 100.00 
Spectrum 134b Yes 38.47  0.77 5.63 9.66 2.08 0.34  31.97 3.75 7.33 100.00 
Spectrum 133a Yes 53.21  0.20 1.13 20.25 0.42 0.18  19.02 1.27 4.33 100.00 
Spectrum 133b Yes 60.71    38.58    0.71   100.00 
Spectrum 132a Yes 45.90 0.46 0.70 3.95 15.93 1.21 0.39  22.28 4.48 4.71 100.00 
Spectrum 132b Yes 60.25  0.28 1.25 29.16 0.40   5.69 1.64 1.34 100.00 
Spectrum 131a Yes 46.65  0.86 5.26 10.56 2.00 0.36  22.90 6.21 5.21 100.00 
Spectrum131b Yes 43.64  0.46 2.56 4.88 0.90 0.43 1.09 34.01 4.85 7.19 100.00 
Spectrum 130a Yes 50.21  1.05 3.27 5.99 1.04 0.50  27.21 4.74 5.99 100.00 
Spectrum 130b Yes 55.87  1.16 4.57 23.94 1.27 0.44  1.61 11.15  100.00 
              
Max.  60.71 0.46 1.16 5.63 38.58 2.08 0.50 1.09 43.28 11.15 9.30  
Min.  38.09 0.46 0.20 1.13 3.11 0.40 0.18 1.09 0.71 1.27 1.34  
 
All results in weight% 
 
 
  
79 
Sample: PLA15-5D 10.10.2019 12:17:47 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Mg Al Si K Ca Ti Mn Fe Ba Total 
             
Spectrum 129a Yes 50.59 1.65 6.16 19.35 1.95 0.46 0.30 2.84 16.70  100.00 
Spectrum 129b Yes 16.92 0.53 2.34 5.73 2.70 0.91 1.60 23.70 45.57  100.00 
Spectrum 128a Yes 39.81 0.98 6.12 16.45 3.68 0.39 0.38 0.96 31.22  100.00 
Spectrum 128b Yes 14.44 0.48 1.95 6.45 1.40 1.09 0.83 9.74 63.62  100.00 
Spectrum 127a Yes 59.81 1.46 5.16 11.14 1.38 0.31 0.57 2.41 17.76  100.00 
Spectrum 127b Yes 53.89 0.40 2.86 27.33 1.53 0.25  7.24 5.10 1.41 100.00 
Spectrum 126a Yes 57.07 1.74 6.63 20.63 2.31 0.31 0.31 1.02 9.98  100.00 
Spectrum 126b Yes 33.90 1.13 4.46 15.82 2.36 0.72 0.98 10.37 30.26  100.00 
             
Max.  59.81 1.74 6.63 27.33 3.68 1.09 1.60 23.70 63.62 1.41  
Min.  14.44 0.40 1.95 5.73 1.38 0.25 0.30 0.96 5.10 1.41  
 
All results in weight% 
 
 
  
80 
Sample: PLA15-5D 10.10.2019 12:20:47 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Mg Al Si P K Ca Ti Mn Fe Ba Total 
              
Spectrum 125 Yes 66.35   33.35     0.30   100.00 
Spectrum 124 Yes 54.57 1.72 5.78 13.30  2.07 0.51 0.29 13.73 5.93 2.09 100.00 
Spectrum 123 Yes 39.94 0.92 1.82 5.60 0.19 0.49 0.61  36.95 5.55 7.94 100.00 
              
Max.  66.35 1.72 5.78 33.35 0.19 2.07 0.61 0.29 36.95 5.93 7.94  
Min.  39.94 0.92 1.82 5.60 0.19 0.49 0.51 0.29 0.30 5.55 2.09  
 
All results in weight% 
 
 
  
81 
Sample: PLA15-8D 10.10.2019 12:27:57 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O F Na Mg Al Si K Ca Ti V Mn Fe Ba Total 
                
Spectrum 118a Yes 43.02  0.31 0.98 4.31 10.15 1.31 0.53   26.87 6.62 5.90 100.00 
Spectrum118b Yes 51.01   0.75 4.39 29.28 1.59 0.26   7.15 4.04 1.53 100.00 
Spectrum 117a Yes 53.96   1.61 7.94 10.89 2.52  0.41  15.93 3.41 3.33 100.00 
Spectrum 117b Yes 60.47    0.36 36.55 0.18    2.11 0.33  100.00 
Spectrum 116a Yes 45.70   0.48 4.01 9.10 1.18 0.36   29.45 3.60 6.11 100.00 
Spectrum 116b Yes 63.85  0.26 0.67 9.36 13.41 0.69 0.25   7.35 2.54 1.63 100.00 
Spectrum 115a Yes 67.85    0.41 30.18  0.08 0.14  1.09 0.25  100.00 
Spectrum 115b Yes 54.47    0.53 39.18 0.24    3.96 0.77 0.85 100.00 
Spectrum 114a Yes 43.96   0.33 1.30 16.91 0.57 0.40   27.97 2.56 6.01 100.00 
Spectrum 114b Yes 39.68 0.00  1.03 2.68 8.51 0.73 0.84   29.05 12.29 5.18 100.00 
Spectrum 113a Yes 46.34   0.44 1.26 1.77 0.33 0.55   38.28 3.11 7.91 100.00 
Spectrum 113b Yes 11.14          31.04 57.82  100.00 
Spectrum 112a Yes 57.12   1.26 5.46 12.21 1.55 0.43 0.28  1.62 20.06  100.00 
Spectrum 112b Yes 47.26   0.86 3.26 8.48 1.11 0.35 0.32 0.27 0.89 37.19  100.00 
                
Max.  67.85 0.00 0.31 1.61 9.36 39.18 2.52 0.84 0.41 0.27 38.28 57.82 7.91  
Min.  11.14 0.00 0.26 0.33 0.36 1.77 0.18 0.08 0.14 0.27 0.89 0.25 0.85  
 
All results in weight% 
 
 
  
82 
Sample: PLA15-8D 10.10.2019 12:36:12 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O F Na Mg Al Si K Ca Ti Mn Fe Cu Ba Total 
                
Spectrum 111a Yes 56.35   1.08 4.89 25.43 4.67   2.43 5.16   100.00 
Spectrum 111b Yes 27.03   0.90 6.35 22.52 4.49 0.82  16.70 18.21  2.97 100.00 
Spectrum 110a Yes 59.01   0.19 0.73 35.85 0.23  0.22 2.56 1.21   100.00 
Spectrum 110b Yes 61.16   0.67 1.62 32.15 0.13 0.24  2.02 1.38  0.63 100.00 
Spectrum 109a Yes 66.16  0.43 0.37 6.24 18.65 4.85   0.99 1.69  0.63 100.00 
Spectrum 109b Yes 58.99   0.75 6.70 19.97 5.23   2.56 5.33  0.47 100.00 
Spectrum 108a Yes 51.29   1.37 5.46 15.23 1.78 0.66 0.83 10.05 13.34   100.00 
Spectrum 108b Yes 55.54   1.16 3.89 24.75 1.02 0.36 0.31 4.70 8.28   100.00 
Spectrum 107a Yes 57.15 0.00  1.44 5.41 10.58 1.26 0.54  14.82 6.24  2.56 100.00 
Spectrum 107b Yes 11.33    1.11 2.50 1.73 1.23 1.68 36.00 41.00 3.42  100.00 
Spectrum 106a Yes 8.44    2.26 17.53 3.00 0.92  45.18 13.64  9.03 100.00 
Spectrum 106b Yes 43.43   0.89 4.54 11.03 7.60  1.65 15.51 15.35   100.00 
Spectrum 105a Yes 33.21   0.86 3.24 6.86 1.12 0.60  40.23 5.10  8.78 100.00 
Spectrum105b Yes 39.41   1.00 4.12 8.73 1.57 0.65 0.58 32.44 4.88  6.61 100.00 
                
Max.  66.16 0.00 0.43 1.44 6.70 35.85 7.60 1.23 1.68 45.18 41.00 3.42 9.03  
Min.  8.44 0.00 0.43 0.19 0.73 2.50 0.13 0.24 0.22 0.99 1.21 3.42 0.47  
 
All results in weight% 
 
 
  
83 
Sample: PLA15-10D 10.10.2019 11:57:57 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si P K Ca Ti Mn Fe Ba Total 
               
Spectrum 225a Yes 29.04  1.03 4.94 14.60 0.30 2.78 0.69 0.65 6.74 39.24  100.00 
Spectrum 225b Yes 53.19  1.38 6.00 15.37  1.36 0.43 0.48 8.56 13.25  100.00 
Spectrum 224a Yes 46.70  0.99 4.53 10.10 0.22 1.34 0.72 0.68 11.63 23.10  100.00 
Spectrum 224b Yes 34.68 2.14 0.46 7.28 20.05  1.81 1.64  9.01 22.92  100.00 
Spectrum 223a Yes 51.54  1.12 4.33 9.47  1.18 0.34 0.68 20.30 6.52 4.50 100.00 
Spectrum 223b Yes 50.18  1.25 6.35 16.86  1.95 0.49 0.38 11.41 8.93 2.20 100.00 
Spectrum 222 Yes 32.42  0.38 1.31 2.42  0.51 0.48  48.65 3.39 10.43 100.00 
               
Max.  53.19 2.14 1.38 7.28 20.05 0.30 2.78 1.64 0.68 48.65 39.24 10.43  
Min.  29.04 2.14 0.38 1.31 2.42 0.22 0.51 0.34 0.38 6.74 3.39 2.20  
 
All results in weight% 
 
 
  
84 
Sample: PLA15-10D 10.10.2019 12:02:47 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si K Ca Ti V Mn Fe Ba Total 
               
Spectrum 221a Yes 59.82   0.95 36.51     1.37 0.34 1.00 100.00 
Spectrum221b Yes 62.05 5.45  10.26 19.68 0.76 0.32   0.71 0.78  100.00 
Spectrum220a Yes 61.00  0.27 1.25 33.05 0.49  0.33  2.50 1.12  100.00 
Spectrum220b Yes 58.15 4.63 0.46 7.31 19.00 0.41 0.34   5.48 2.67 1.55 100.00 
Spectrum219a Yes 49.24  0.96 4.53 9.63 1.28 0.75  0.30 21.11 8.36 3.85 100.00 
Spectrum 219b Yes 38.20  1.35 5.23 15.95 2.48 0.79 1.02  9.98 24.99  100.00 
Spectrum 218a Yes 57.87  1.24 5.72 11.92 1.37 0.52   10.30 9.71 1.36 100.00 
Spectrum 218b Yes 53.63  1.77 5.34 18.50 0.69 0.96   4.74 13.73 0.64 100.00 
Spectrum 217 Yes 51.76  1.73 4.79 16.70 1.48 0.47 0.91  4.18 17.98  100.00 
               
Max.  62.05 5.45 1.77 10.26 36.51 2.48 0.96 1.02 0.30 21.11 24.99 3.85  
Min.  38.20 4.63 0.27 0.95 9.63 0.41 0.32 0.33 0.30 0.71 0.34 0.64  
 
All results in weight% 
 
 
  
85 
Sample: PLA15-10D 10.10.2019 12:04:43 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Mg Al Si K Ca Mn Fe Ba Total 
            
Spectrum 216# Yes 19.40 0.76 2.40 7.21 2.75 1.19 38.86 22.12 5.30 100.00 
            
Max.  19.40 0.76 2.40 7.21 2.75 1.19 38.86 22.12 5.30  
Min.  19.40 0.76 2.40 7.21 2.75 1.19 38.86 22.12 5.30  
 
All results in weight% 
  
86 
Sample: PLA15-11D 10.10.2019 11:47:02 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si P S K Ca Ti V Mn Fe Ba Total 
                 
Spectrum 100 Yes 49.12  0.65 4.06 13.64   1.00 0.33   22.38 3.50 5.32 100.00 
Spectrum 99a Yes 53.06  0.45 2.38 15.65   0.78 0.28   19.20 4.20 4.01 100.00 
Spectrum 99b Yes 25.12 0.30 0.36 2.40 7.62   1.53 0.68   44.43 8.17 9.39 100.00 
Spectrum 98a Yes 47.16  1.52 9.18 20.46   4.05 0.36 0.39  0.70 16.18  100.00 
Spectrum 98b Yes 49.66  1.50 7.36 14.31   2.20 0.54 0.47  6.88 17.07  100.00 
Spectrum 97a Yes 46.86  4.22 7.39 15.77   1.93 0.47 0.46  7.85 13.28 1.77 100.00 
Spectrum 97b Yes 55.88  1.18 5.70 9.86   1.63 0.37 0.32  15.96 5.64 3.47 100.00 
Spectrum 96a Yes 5.28   0.98 2.06   3.73 1.04 1.80  23.30 61.82  100.00 
Spectrum 96b Yes 61.79  3.96 6.90 12.05   2.19 0.24 0.67  3.24 8.96  100.00 
Spectrum 95a Yes 38.96 0.31 0.53 2.91 5.89   1.02 0.49   37.27 4.22 8.40 100.00 
Spectrum 95b Yes 12.24   1.60 4.89   1.52    54.11 16.64 9.01 100.00 
Spectrum 94a Yes 28.12  0.62 1.72 20.40   0.50 0.65   38.13 4.12 5.73 100.00 
Spectrum 94b Yes 41.35  0.43 1.96 10.82   0.61 0.50   32.60 4.32 7.41 100.00 
Spectrum 93a Yes 20.81  0.52 3.17 20.05   3.23 0.70 1.20  9.07 41.25  100.00 
Spectrum 93b Yes 61.02  1.40 5.82 17.42  0.25 1.61 0.31 0.88  3.12 8.17  100.00 
Spectrum 92a Yes 32.61  1.21 5.69 14.10 0.26  1.92 3.36   4.60 36.24  100.00 
Spectrum 92b Yes 38.77  2.36 6.56 17.11   3.01 0.75   1.46 29.98  100.00 
Spectrum 91a Yes 42.69  0.83 3.02 9.75 0.18  1.00 0.31  0.40 0.74 41.07  100.00 
Spectrum 91b Yes 41.35  0.89 5.78 15.94   4.10 0.65 0.60  3.74 26.95  100.00 
                 
Max.  61.79 0.31 4.22 9.18 20.46 0.26 0.25 4.10 3.36 1.80 0.40 54.11 61.82 9.39  
Min.  5.28 0.30 0.36 0.98 2.06 0.18 0.25 0.50 0.24 0.32 0.40 0.70 3.50 1.77  
 
All results in weight% 
87 
Sample: PLA15-11D  10.10.2019 11:50:12 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si K Ca Ti Mn Fe Ba Ce Total 
               
Spectrum90 Yes 48.94 0.30 1.51 6.54 18.14 2.19 0.51 0.58 1.54 19.75   100.00 
Spectrum 89a Yes 58.15  2.99 6.42 14.02 1.70 0.50 0.79 6.36 8.68  0.39 100.00 
Spectrum 89b Yes 53.35  1.52 6.33 14.42 2.40 0.56 0.35 10.86 8.59 1.61  100.00 
Spectrum 88 Yes         80.25 12.24 7.51  100.00 
               
Max.  58.15 0.30 2.99 6.54 18.14 2.40 0.56 0.79 80.25 19.75 7.51 0.39  
Min.  48.94 0.30 1.51 6.33 14.02 1.70 0.50 0.35 1.54 8.59 1.61 0.39  
 
All results in weight% 
 
  
88 
Sample: Zr7-7D 10.10.2019 11:06:48 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si K Ca Ti Mn Fe Ba Total 
              
Spectrum 176# Yes 61.16 0.40 0.53 4.06 26.14 1.89  0.22 2.65 2.94  100.00 
Spectrum 177# Yes 49.13  1.70 6.36 23.03 2.16 0.33  6.61 9.54 1.15 100.00 
Spectrum 178# Yes 57.44 0.40 1.70 7.63 17.81 2.14 0.33 0.48 4.47 7.60  100.00 
              
Max.  61.16 0.40 1.70 7.63 26.14 2.16 0.33 0.48 6.61 9.54 1.15  
Min.  49.13 0.40 0.53 4.06 17.81 1.89 0.33 0.22 2.65 2.94 1.15  
 
All results in weight% 
 
 
  
89 
Sample: Zr7-7D 10.10.2019 11:11:27 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si P K Ca Ti Mn Fe Ba Total 
               
Spectrum 180 Yes 54.94 0.45 0.89 7.16 14.44  1.83 0.41 0.43 5.67 13.78  100.00 
Spectrum 181 Yes 53.27  1.20 6.01 14.38  1.98 0.35  14.12 5.69 3.01 100.00 
Spectrum 182a Yes 27.63  1.24 4.90 9.76  2.70 0.82 0.70 32.14 15.25 4.87 100.00 
Spectrum 182b Yes 61.97  0.66 2.56 29.93  0.75   1.22 2.63 0.28 100.00 
Spectrum 183 Yes 53.82  1.36 7.74 17.18  2.58 0.41 0.38 7.30 7.82 1.40 100.00 
Spectrum 184 Yes 27.45  0.65 5.21 18.67 0.23 3.55 0.84  23.78 14.75 4.87 100.00 
               
Max.  61.97 0.45 1.36 7.74 29.93 0.23 3.55 0.84 0.70 32.14 15.25 4.87  
Min.  27.45 0.45 0.65 2.56 9.76 0.23 0.75 0.35 0.38 1.22 2.63 0.28  
 
All results in weight% 
 
 
  
90 
Sample: Zr7-7D 10.10.2019 11:18:08 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si K Ti Mn Fe Total 
            
Spectrum 179 Yes 45.89 3.51 0.28 9.33 28.53 1.28 0.61 6.16 4.40 100.00 
            
Max.  45.89 3.51 0.28 9.33 28.53 1.28 0.61 6.16 4.40  
Min.  45.89 3.51 0.28 9.33 28.53 1.28 0.61 6.16 4.40  
 
All results in weight% 
 
  
91 
Sample: Zr7-7D 10.10.2019 11:20:08 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si K Ca Ti Mn Fe Ba Total 
              
Spectrum 185a Yes 45.95  0.81 7.18 13.16 2.74 0.42 0.45 19.08 6.28 3.92 100.00 
Spectrum 185b Yes 53.65 0.88 0.94 7.37 16.95 1.88 0.31 0.49 10.57 4.87 2.11 100.00 
              
Max.  53.65 0.88 0.94 7.37 16.95 2.74 0.42 0.49 19.08 6.28 3.92  
Min.  45.95 0.88 0.81 7.18 13.16 1.88 0.31 0.45 10.57 4.87 2.11  
 
All results in weight% 
 
  
92 
Sample: Zr5-1H 10.10.2019 14:03:52 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O F Na Mg Al Si Cl K Ca Ti Mn Fe Ba Total 
                
Spectrum 69a Yes 45.13   1.77 6.06 13.31  1.47 0.53 0.37 19.94 7.22 4.21 100.00 
Spectrum 69b Yes 45.16   1.57 5.23 11.08  1.63 0.50  23.99 6.24 4.60 100.00 
Spectrum 70a Yes 65.95   0.44 2.87 26.10  1.04  0.19 1.69 1.73  100.00 
Spectrum 70b Yes 41.95   0.67 1.75 4.13  0.65 0.71  37.17 5.73 7.24 100.00 
Spectrum 71a Yes 41.82 0.00  0.33 0.58 1.28  0.15 0.61  38.96 7.75 8.52 100.00 
Spectrum 71b Yes 43.94   0.57 2.88 8.59  1.10 0.53  28.69 7.70 6.00 100.00 
Spectrum 72a Yes 26.12   0.58 2.27 5.03  0.66 0.82  35.27 22.60 6.66 100.00 
Spectrum 72b Yes 39.76 0.00  0.66 1.81 4.09 0.17 0.63 0.71  30.26 16.65 5.25 100.00 
Spectrum 73a Yes 11.53   0.47 1.44 8.92  1.40 1.07  42.11 25.94 7.12 100.00 
Spectrum 73b Yes 58.42   0.80 6.80 15.15  1.77 0.37  7.65 7.59 1.43 100.00 
Spectrum 74a Yes 13.65   0.54 2.04 5.95  3.19 1.12  6.36 67.13  100.00 
Spectrum 74b Yes 56.83  6.87  8.47 26.97   0.20  0.29 0.38  100.00 
                
Max.  65.95 0.00 6.87 1.77 8.47 26.97 0.17 3.19 1.12 0.37 42.11 67.13 8.52  
Min.  11.53 0.00 6.87 0.33 0.58 1.28 0.17 0.15 0.20 0.19 0.29 0.38 1.43  
 
All results in weight% 
 
 
  
93 
Sample: Zr5-1H 10.10.2019 14:07:37 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si K Ca Ti Mn Fe Ba Total 
              
Spectrum 75a Yes 40.07  1.02 5.92 22.29 1.76 0.62  10.32 16.36 1.65 100.00 
Spectrum 75b Yes 49.72 0.63 1.07 7.03 18.43 2.14 0.50  2.08 18.41  100.00 
Spectrum 76a Yes 54.87  1.23 5.51 13.23 1.66 0.63  9.77 11.31 1.78 100.00 
Spectrum 76b Yes 13.76  0.95 2.32 11.79 2.69 1.23 1.43 31.87 28.10 5.87 100.00 
Spectrum 77a Yes 43.47  1.05 5.83 12.76 2.42 0.82  16.23 14.28 3.15 100.00 
Spectrum 77b Yes 65.55 0.17  2.75 30.22 0.72   0.23 0.36  100.00 
Spectrum 78a Yes 34.10  1.08 4.42 12.87 3.39 1.02 1.32 16.42 25.38  100.00 
Spectrum 78b Yes 52.66  1.00 4.01 8.37 1.10 0.63  20.90 7.46 3.87 100.00 
Spectrum 79a Yes 39.33  1.21 5.42 23.05 2.07 0.72 0.52 11.45 14.27 1.95 100.00 
Spectrum 79b Yes 3.70   1.52 4.69 3.49 0.88  52.26 24.14 9.32 100.00 
              
Max.  65.55 0.63 1.23 7.03 30.22 3.49 1.23 1.43 52.26 28.10 9.32  
Min.  3.70 0.17 0.95 1.52 4.69 0.72 0.50 0.52 0.23 0.36 1.65  
 
All results in weight% 
 
 
  
94 
Sample: Zr5-1H 10.10.2019 14:12:01 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O F Na Mg Al Si Cl K Ca Ti Mn Fe Ba Ce Total 
                 
Spectrum 80a Yes 56.67  0.41 1.33 7.81 16.38  2.27 0.44 0.53 5.56 8.61   100.00 
Spectrum 80b Yes 55.80 0.00  1.11 3.24 11.53  1.21 0.36 3.82 16.53 5.46  0.95 100.00 
Spectrum 81a Yes 10.26   0.91 7.39 30.17  3.21 1.75  14.36 31.95   100.00 
Spectrum 81b Yes 55.53  0.24 1.06 6.42 12.93  1.65 0.50  11.79 7.36 2.51  100.00 
Spectrum 82a Yes 55.54  5.50 0.32 8.52 24.38  0.84 0.35  1.56 2.99   100.00 
Spectrum 82b Yes 59.23    0.15 40.63         100.00 
Spectrum 83a Yes 35.24   1.53 11.12 34.14 1.23 3.16 1.50  2.68 9.40   100.00 
Spectrum 83b Yes 47.06  0.48 0.57 8.71 16.67  2.04 0.51  14.86 6.18 2.91  100.00 
                 
Max.  59.23 0.00 5.50 1.53 11.12 40.63 1.23 3.21 1.75 3.82 16.53 31.95 2.91 0.95  
Min.  10.26 0.00 0.24 0.32 0.15 11.53 1.23 0.84 0.35 0.53 1.56 2.99 2.51 0.95  
 
All results in weight% 
 
  
95 
Sample: Zr5-2H 10.10.2019 14:19:11 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si Cl K Ca Ti Mn Fe Ba Total 
               
Spectrum 204a Yes 43.75  1.63 7.09 18.43  3.67  0.98 5.45 18.99  100.00 
Spectrum 204b Yes 55.78  1.46 5.82 21.62 0.15 1.56 0.34  5.62 6.35 1.30 100.00 
Spectrum 205a Yes 19.84  1.41 4.96 13.42  3.80 0.82 0.85 11.68 43.21  100.00 
Spectrum 205b Yes 52.95 1.75 1.29 7.47 19.80  2.23 0.35 0.43 2.50 11.22  100.00 
Spectrum 206a Yes 46.65  3.70 5.95 18.79  2.73 0.47 0.72 5.98 15.00  100.00 
Spectrum 206b Yes 58.10  1.36 6.86 13.86  2.42 0.32 4.05 4.67 8.36  100.00 
Spectrum 207a Yes 45.40  1.46 6.29 17.91  2.65 0.90 0.72 7.18 17.49  100.00 
Spectrum 207b Yes 47.05 0.31 1.02 5.22 11.65  1.54 0.72  16.82 12.60 3.06 100.00 
Spectrum 208a Yes 21.29  0.31 4.09 17.17  6.40 0.62  29.05 14.11 6.95 100.00 
Spectrum 208b Yes 56.16  1.26 8.94 17.11  4.26  0.82 4.85 6.59  100.00 
Spectrum 209a Yes 54.03  1.19 5.89 16.13  2.11 0.47  10.92 7.37 1.89 100.00 
Spectrum 209b Yes 56.88 0.37 1.57 5.27 12.00  1.32 0.60  13.24 6.34 2.42 100.00 
Spectrum 210a Yes 52.96  0.77 3.32 7.43  0.87 0.35  24.36 4.14 5.80 100.00 
Spectrum 210b Yes 40.51  0.90 3.01 6.31  1.19 0.43  35.03 4.85 7.77 100.00 
Spectrum 211a Yes 58.89 7.16  8.11 25.58     0.26   100.00 
Spectrum 211b Yes 28.99  0.33 2.79 12.43  5.10 0.78  34.52 7.76 7.30 100.00 
               
Max.  58.89 7.16 3.70 8.94 25.58 0.15 6.40 0.90 4.05 35.03 43.21 7.77  
Min.  19.84 0.31 0.31 2.79 6.31 0.15 0.87 0.32 0.43 0.26 4.14 1.30  
 
All results in weight% 
 
  
96 
Sample: Zr5-5H 10.10.2019 14:43:25 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si Cl K Ca Ti Mn Fe Ba Ce Total 
                
Spectrum 7a Yes 25.48  1.00 11.13 31.16  6.98  1.24 5.49 17.54   100.00 
Spectrum 7b Yes 58.27  1.67 9.85 18.62  4.11  1.02 0.84 5.62   100.00 
Spectrum 8a Yes 66.82  0.43 1.47 28.90  0.42   0.56 1.40   100.00 
Spectrum 8b Yes 42.01  1.26 5.94 20.61 0.51 3.07 0.77 0.72 18.23 6.89   100.00 
Spectrum 9a Yes 57.68 3.83 0.45 6.61 20.39  1.80  0.53 5.55 2.68  0.48 100.00 
Spectrum 9b Yes 57.91  0.29 1.42 34.36  0.47  0.45 3.74 1.35   100.00 
Spectrum 10a Yes 57.11 3.70 0.56 6.88 21.86  1.24 0.58 0.22 4.73 3.13   100.00 
Spectrum 10b Yes 23.17  1.23 6.53 13.34 0.57 3.01 1.14 0.65 30.65 16.80 2.92  100.00 
Spectrum 11a Yes 62.05 5.99 0.20 7.71 21.53  0.53 0.55  0.84 0.60   100.00 
Spectrum 11b Yes 39.91 0.84 0.72 9.59 18.64  7.23  0.68 8.05 14.35   100.00 
Spectrum 12a Yes 61.20  1.79 5.00 13.71 7.71 1.62   5.23 3.74   100.00 
Spectrum 12b Yes 56.46   7.74 25.13  9.73   0.57 0.36   100.00 
Spectrum 13a Yes 48.11  1.40 6.93 15.05  2.47 0.57 0.39 14.61 8.30 2.16  100.00 
Spectrum 13b Yes 34.40  0.90 6.29 13.10 0.25 3.85 0.68  24.58 12.19 3.75  100.00 
Spectrum 14a Yes 48.60  0.22 2.41 39.07  3.14  0.55 4.21 1.79   100.00 
Spectrum 14b Yes 48.43  1.34 5.35 11.70  2.24 0.76 0.38 22.08 5.09 2.63  100.00 
Spectrum 15a Yes 57.60  1.12 4.29 10.43  2.01 0.24 12.65 7.63 4.02   100.00 
Spectrum 15b Yes 24.05  0.30 2.20 35.18  2.36  1.13 21.40 13.37   100.00 
                
Max.  66.82 5.99 1.79 11.13 39.07 7.71 9.73 1.14 12.65 30.65 17.54 3.75 0.48  
Min.  23.17 0.84 0.20 1.42 10.43 0.25 0.42 0.24 0.22 0.56 0.36 2.16 0.48  
 
All results in weight% 
  
97 
Sample: Zr5-6H 10.10.2019 14:29:04 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O F Na Mg Al Si Cl K Ca Ti Mn Fe Ba Total 
                
Spectrum 20a Yes 50.77   1.21 8.68 17.53  3.45  0.38 10.89 4.90 2.20 100.00 
Spectrum 20b Yes 51.46   2.54 8.90 19.69  2.15 0.28  5.81 7.57 1.60 100.00 
Spectrum 21a Yes 45.79   1.35 7.10 14.69  2.68 0.65 0.77 12.71 11.83 2.43 100.00 
Spectrum 21b Yes 59.42  0.38 1.60 5.02 24.80  1.15 0.27 0.27 3.19 3.91  100.00 
Spectrum 22a Yes 57.83   0.71 3.53 28.13  1.01 0.26 1.56 3.12 3.85  100.00 
Spectrum 22b Yes 15.09   0.56 3.83 10.93  2.81 1.02  29.85 30.77 5.14 100.00 
Spectrum 23a Yes 52.01   1.88 7.63 14.75  2.54 0.52  10.39 7.83 2.44 100.00 
Spectrum 23b Yes 28.57   1.12 6.34 20.59  3.02 0.80  23.22 11.54 4.79 100.00 
Spectrum 24a Yes 31.21   0.78 5.54 26.09  3.38 0.88  16.45 12.55 3.11 100.00 
Spectrum 24b Yes 64.03  0.19 0.78 10.03 15.63  3.61  0.39 3.16 2.19  100.00 
Spectrum 25a Yes 52.17   2.36 7.90 18.74  1.70 0.78 0.29 3.14 12.92  100.00 
Spectrum 25b Yes 56.26 0.00  1.24 5.32 11.31  1.49 0.65 0.69 14.64 6.03 2.37 100.00 
Spectrum 26a Yes 48.01   0.95 5.79 19.55 0.76 2.58 0.75 0.67 7.89 13.04  100.00 
Spectrum 26b Yes 47.81   1.12 5.10 10.54  1.60 0.76 0.35 21.57 7.70 3.46 100.00 
Spectrum 27a Yes 20.85   0.52 3.95 11.95  3.19 0.67  36.32 16.66 5.88 100.00 
Spectrum 27b Yes 37.92   1.12 5.32 12.26 1.01 2.45 1.17 1.91 23.99 12.85  100.00 
Spectrum 28a Yes 56.92  0.68 0.96 8.84 14.98  2.71 0.37  8.21 4.76 1.58 100.00 
Spectrum 28b Yes 56.07   1.75 7.04 14.00  2.03 0.54  9.67 6.80 2.09 100.00 
                
Max.  64.03 0.00 0.68 2.54 10.03 28.13 1.01 3.61 1.17 1.91 36.32 30.77 5.88  
Min.  15.09 0.00 0.19 0.52 3.53 10.54 0.76 1.01 0.26 0.27 3.12 2.19 1.58  
 
All results in weight% 
 
98 
Sample: Zr5-6H 10.10.2019 14:34:20 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O F Na Mg Al Si K Ca Ti Mn Fe Ba Total 
               
Spectrum 29a Yes 55.65   1.27 6.14 12.42 1.78 0.50  13.52 5.91 2.81 100.00 
Spectrum 29b Yes 57.58 0.00  1.72 7.23 15.44 2.32 0.33 0.42 8.50 4.89 1.58 100.00 
Spectrum 30a Yes 14.69   0.69 5.40 12.31 7.15  2.13 27.06 30.57  100.00 
Spectrum 30b Yes 42.90  0.51 1.03 8.06 19.50 3.36 0.84  12.56 8.93 2.31 100.00 
Spectrum 31a Yes 21.02   0.80 4.91 11.11 7.24 1.32 1.52 21.71 30.38  100.00 
Spectrum 31b Yes 44.64 0.00  2.36 6.96 17.25 4.14 0.54 1.22 11.81 11.08  100.00 
Spectrum 32a Yes 51.56   1.49 7.76 16.08 2.48 0.56 0.36 9.32 8.89 1.51 100.00 
Spectrum 32b Yes 43.89   0.28 1.39 50.67 0.59   1.03 2.14  100.00 
Spectrum 33a Yes 64.14   0.32 1.94 32.12 0.83  0.24  0.42  100.00 
Spectrum 33b Yes 55.94   1.96 8.56 17.42 2.88 0.39 0.48 4.59 7.78  100.00 
Spectrum 34a Yes 51.67   0.85 10.66 19.26 5.42  0.66 6.78 4.70  100.00 
Spectrum 34b Yes 51.95  0.29 1.43 7.73 15.74 2.03 0.54  6.20 12.55 1.54 100.00 
Spectrum 35a Yes 55.87   1.81 8.11 15.43 2.25 0.88 0.51 5.68 7.93 1.53 100.00 
Spectrum 35b Yes 44.86   1.42 9.32 19.58 3.17 0.75  7.78 11.32 1.79 100.00 
               
Max.  64.14 0.00 0.51 2.36 10.66 50.67 7.24 1.32 2.13 27.06 30.57 2.81  
Min.  14.69 0.00 0.29 0.28 1.39 11.11 0.59 0.33 0.24 1.03 0.42 1.51  
 
All results in weight% 
 
  
99 
Sample: Zr5-9D 10.10.2019 11:27:36 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si P K Ca Ti Mn Fe As Ba Total 
                
Spectrum 168a Yes 48.81  1.53 7.08 22.43  2.95 0.47  1.03 15.70   100.00 
Spectrum 168b Yes 49.66  1.94 7.74 18.41 0.28 3.22 0.35 0.32 0.42 17.65   100.00 
Spectrum 169a Yes 61.04 2.04 0.75 5.73 21.07  1.08 0.25 0.30  7.73   100.00 
Spectrum 169b Yes 32.20  0.48 3.26 10.46 0.50 1.86 0.61 0.60 0.92 49.10   100.00 
Spectrum 170 Yes 57.59  1.02 6.83 13.29 0.33 1.67 0.28   18.98   100.00 
Spectrum 171a Yes 44.67  1.96 4.65 7.57  1.53 0.37  26.72 7.28 0.00 5.25 100.00 
Spectrum 171b Yes 51.41  1.57 7.30 13.56 0.15 2.57 0.32 0.30 2.69 20.12   100.00 
Spectrum172a Yes 38.25  1.09 5.18 12.87 0.34 2.02 0.53 0.61 0.94 38.17   100.00 
Spectrum 172b Yes 4.51   1.16 4.84  3.25   2.51 83.73   100.00 
Spectrum 173a Yes 49.56  1.04 7.51 18.44 0.26 2.53   0.32 20.34   100.00 
Spectrum 173b Yes 64.06  0.34 1.90 27.72  0.44 0.12   5.42   100.00 
Spectrum 174a Yes 42.79 0.30 1.48 8.79 11.52 0.20 1.37 0.74 0.58 0.63 31.59   100.00 
Spectrum 174b Yes 44.01  2.73 6.61 17.87 0.39 2.67 0.53 0.33 0.68 24.20   100.00 
Spectrum 175a Yes 36.07  2.41 6.06 14.74 0.55 3.03 1.84 0.49  34.80   100.00 
Spectrum 175b Yes 51.60  1.13 7.45 15.82 0.49 2.63 0.60   20.27   100.00 
                
Max.  64.06 2.04 2.73 8.79 27.72 0.55 3.25 1.84 0.61 26.72 83.73 0.00 5.25  
Min.  4.51 0.30 0.34 1.16 4.84 0.15 0.44 0.12 0.30 0.32 5.42 0.00 5.25  
 
All results in weight% 
  
100 
Sample: Zr5-10D 10.10.2019 10:45:02 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Mg Al Si K Ca Ti Mn Fe Total 
            
Spectrum 139 Yes 61.17 0.85 4.13 25.70 1.07 0.20 0.29 3.09 3.49 100.00 
Spectrum 140 Yes 46.01 1.24 5.39 17.77 2.47  0.92 11.64 14.55 100.00 
Spectrum 141 Yes 38.25 1.87 7.98 25.86 4.10 0.50 1.26 7.68 12.50 100.00 
Spectrum 142 Yes 50.47 1.47 8.68 17.82 4.44 0.38 1.08 5.79 9.86 100.00 
            
Max.  61.17 1.87 8.68 25.86 4.44 0.50 1.26 11.64 14.55  
Min.  38.25 0.85 4.13 17.77 1.07 0.20 0.29 3.09 3.49  
 
All results in weight% 
 
 
  
101 
Sample: Zr5-10D 10.10.2019 10:48:45 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si K Ca Ti Mn Fe Ba Total 
              
Spectrum 143 Yes 58.84 0.30 1.59 10.02 16.25 3.67 0.45 0.35 2.83 5.69  100.00 
Spectrum 144a Yes 32.49    0.54   1.58 0.54 64.85  100.00 
Spectrum 144b Yes 61.23  0.85 4.18 25.64 1.07 0.20 0.35 2.64 3.82  100.00 
Spectrum 145 Yes 55.49  2.01 6.90 16.92 1.76 1.11 1.31 4.75 9.74  100.00 
Spectrum 146a Yes 45.31  1.63 4.82 12.66 1.50 0.56  23.72 6.25 3.56 100.00 
Spectrum 146b Yes 45.75  2.22 8.58 17.59 3.14 0.50 0.33 11.68 8.47 1.73 100.00 
              
Max.  61.23 0.30 2.22 10.02 25.64 3.67 1.11 1.58 23.72 64.85 3.56  
Min.  32.49 0.30 0.85 4.18 0.54 1.07 0.20 0.33 0.54 3.82 1.73  
 
All results in weight% 
 
  
102 
Sample: Zr5-10D 10.10.2019 10:53:21 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si P S K Ca Ti Mn Fe Ba Total 
                
Spectrum 147a Yes 57.52  0.29 1.43 35.52   0.70   2.40 1.65 0.49 100.00 
Spectrum 147b Yes 48.28  1.18 7.20 14.99   3.09 0.42 0.57 15.17 6.41 2.71 100.00 
Spectrum 148 Yes 41.77  1.00 10.21 16.73 0.74 0.86 6.45 0.65  9.35 10.24 2.00 100.00 
Spectrum 149a Yes 51.78  1.10 9.97 19.38   5.07   6.87 4.30 1.52 100.00 
Spectrum 149b Yes 55.84  1.13 5.17 21.90   1.80   8.35 4.13 1.67 100.00 
Spectrum 150a Yes 65.80   0.19 33.68      0.32   100.00 
Spectrum 150b Yes 60.78 5.43 0.82 7.59 19.75   0.82 0.25 0.26 2.14 2.17  100.00 
                
Max.  65.80 5.43 1.18 10.21 35.52 0.74 0.86 6.45 0.65 0.57 15.17 10.24 2.71  
Min.  41.77 5.43 0.29 0.19 14.99 0.74 0.86 0.70 0.25 0.26 0.32 1.65 0.49  
 
 
All results in weight% 
 
  
103 
Sample: Zr5-12D 10.10.2019 10:34:10 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si K Ca Mn Fe Total 
            
Spectrum 155 Yes 61.34  4.55 3.75 22.42 0.75 0.15 0.88 6.15 100.00 
Spectrum 156 Yes 43.64 4.90  11.11 36.97 0.89 0.85  1.64 100.00 
            
Max.  61.34 4.90 4.55 11.11 36.97 0.89 0.85 0.88 6.15  
Min.  43.64 4.90 4.55 3.75 22.42 0.75 0.15 0.88 1.64  
 
All results in weight% 
 
 
  
104 
Sample: Zr5-12D 10.10.2019 10:34:41 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Na Mg Al Si K Ca Ti Mn Fe Ba Total 
              
Spectrum 157 Yes 43.56  1.06 6.37 27.40 2.94 0.47 0.90 9.86 7.43  100.00 
Spectrum 158 Yes 57.48  1.64 8.54 16.09 3.40 0.27  6.23 5.09 1.26 100.00 
Spectrum 159 Yes 53.34  2.30 7.37 13.91 2.26 0.39 0.35 11.38 7.14 1.54 100.00 
Spectrum 160a Yes 34.01 0.72 0.31 7.30 23.94 10.34   16.08 4.44 2.86 100.00 
Spectrum 160b Yes 62.18  0.16 0.61 32.71 0.28   2.23 1.44 0.38 100.00 
              
Max.  62.18 0.72 2.30 8.54 32.71 10.34 0.47 0.90 16.08 7.43 2.86  
Min.  34.01 0.72 0.16 0.61 13.91 0.28 0.27 0.35 2.23 1.44 0.38  
 
All results in weight% 
 
 
  
105 
Sample: Zr5-12D 10.10.2019 10:36:28 
 
 
 
Processing option : All elements analysed (Normalised) 
 
Spectrum In stats. O Mg Al Si K Ca Ti Mn Fe Ba Ce Total 
              
Spectrum 161 Yes 49.71 1.34 7.82 15.43 3.19 0.49  12.35 7.26 2.42  100.00 
Spectrum 162a Yes 55.32 1.01 5.54 18.01 1.84 0.47 0.45 10.02 5.59 1.73  100.00 
Spectrum 162b Yes 58.09 0.72 3.22 19.90 1.26 0.35 1.14 10.61 4.19  0.52 100.00 
Spectrum 163 Yes 53.67 2.10 11.78 17.36 5.63    9.46   100.00 
              
Max.  58.09 2.10 11.78 19.90 5.63 0.49 1.14 12.35 9.46 2.42 0.52  
Min.  49.71 0.72 3.22 15.43 1.26 0.35 0.45 10.02 4.19 1.73 0.52  
 
All results in weight% 
 
 
 
